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ABSTRACT 
The development of a new-generation mission for research in the field of High Energy 
Cosmic Rays (E > 1019 eV), called EUSO (''Extreme Universe Space Observatory"), 
demands a lot of research efforts in alt the fields conceming the mission itself. The goal is to 
previde a higher statistic about Cosmic Rays of such energies of at least one order of 
magnitude with respect to the existing and planned ground observatories. Since at these 
energies the flux is estimated to be around l parti cl e/l 00 km2 /year, with the so far collected 
data it is still impossible to validate the theories that can account for the apparent contrast 
with the GZK cut-off In particular, some hypotheses explain the presence of the detected 
Cosmic Rays above the GZK threshold with the existence of some sources with extreme 
acceleration mechanisms ("bottom-up" theories), while others involve processes of "top-
down" production of such particles. Even High Energy Cosmic Neutrinos can be involved, 
and with EUSO mission it will be possible to distinguish their effects in the atmosphere with 
respect to the behavior of other primari es, such as protons. With this mission even t neutrino 
physics can be implemented. The study of su eh Cosmi c Rays occurs through their interaction 
with atmospheric atoms and molecules, yielding an Extensive Air Shower of secondaries that 
in turn give rise to fluorescence and Cherenkov emission. 
This dissertation deals with the development and analysis of the optical subsystem of EUSO 
mission. Lenses characterized by Fresnel shape are the basics for all the proposed 
configurations, because of lower mass and less absorption with respect to classical lenses. 
Specifically, many designs were created with the use of the ray-tracing software CODE V. 
Both monochromatic and polychromatic cases (in the working spectral range in the near-UV) 
were studied, each configuration using one of the four different materials that are the 
proposed plastics for building the optics. Ali the performances are presented and compared. 
Besides, the idea of taming aberrations by adding more degrees of freedom in the design, 
with tbe use of segmentation and/or diffractive gratings upon the existing Fresnel surfaces, is 
exploited; the corresponding results are offered, showing a good improvement with respect to 
the standard all-refractive system. 
The testing of a l :6 scale prototype, called "cEUSO", is presented too, in order to previde a 
proof of feasibility of such a complex and compact optical system. The optical tests include 
standard resolution and image quality as well as illumination falloff analyses. Also some 
radiometric tests were performed for an evaluation of the light loss due to scatterings and 
materia) transmission. 
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CHAPTER l: 
INTRODUCTION 
The great tragedy of science: 
the slaying of a beautiful hypothesis by an ugly fact 
(Tb. H. Huxley, 1825-1895) 
Discovery consists of seeing what everybody has seen 
and thinking what no body has thought 
(A. Szent-Gyorgyi, 1893-1986) 
l. Introduction 
Man bas always been curious. Througbout tbe millennia be improved his knowledge of the 
surrounding world (and also of his nature) by experience, witb trials and errors. But only in 
the last centuries he affined the process of "observe-theorize-verify", helped by tbe always 
faster development oftecbnology. This /eitmotiv is particularly important wben dealing witb 
ali the phenomena tbat bappen above our heads. Starting a few decades ago, man bas been 
conquering tbe Space, and from out tbere many more doors bave been opened. This is tbe 
case for tbe study of some particular cbarged radiation coming from outer space called 
"Cosmic Rays", wbose origin and nature, at the highest energies, is still not well known. 
2. Research motivations 
Higbly energetic cosmic rays (with energies above 1020 eV) are generally unknown events 
that travel throughout the outer space. Since tbeir flux is low and their sources are not well 
known yet, tbey bave to be studied in a non-standard way: in order to increase tbe probability 
t o detect tbem, new instrumentation must be designed tbat can observe a large portio n of the 
sky. 
It bas been discovered tbat wben an Extreme Energy Cosmic Ray (EECR) enters the 
atmosphere, it interacts mainly witb the Nitrogen molecules, producing a cascarle of 
secondary p artici es (Extensive Air Sbower, EAS) wbich give rise to a streak of fluorescence 
ligbt tbat indicates tbe trajectory of the primary cosmic ray (Inoue, 2000). Unfortunately, 
tbere is stili no prediction about when and where this event will take piace in the atmosphere. 
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Hence, in order to collect sufficient samples, a devoted experiment must continuously 
observe a large portion of the atmosphere. So far, data about EECRs are collected with 
ground based air shower detectors. These detectors can either collect a sample of particles 
cascaded by the initiating cosmic ray or detect the fluorescence signa! generated in the EAS. 
Observation from space, instead, allows an inspection of a bigger atmospheric target and 
therefore it can provide a wider statistic about these cosmic rays. 
The main motivation behind the research presented in this dissertation is the optical detection 
of Nitrogen tluorescence in the Earth's atmosphere induced by the highest energy cosmic 
rays (Streitmatter, 1998). A proposed extensive air shower observatory called "Extreme 
Uruverse Space Observatory" (EUSO) has been the main reason for the beginning of these 
studies (Streitmatter, 1998). Specifically, the main topic ofthe research is the development of 
a new class of optical systems containing Fresnel lenses as the primary collection elements. 
The Fresnel lens technique and some of its applications are now introduced, while the 
discussion about the reasons why EUSO adopts this configuration is presented the next 
chapter, together with an overview of the mission. Then, the main goals of the dissertation 
are presented. The chapter ends describing the detailed flow ofthe dissertation. 
3. The Fresnellens: advantages and drawbacks 
A norma! refractive system that meets ali the EUSO specifications is characterized by a large 
aperture and a wide field ofview. This means that such a lens system is heavy, cumbersome 
and difficult to handle, especially in space. Furthermore, the lens should be so massive that 
most of the light in the UV would be absorbed, reducing the intensity of the available signal. 
However, the idea of using refractive materials rather than retlective or catadioptric systems 
is the one with more potentialities as will be better discussed in the next chapter. The Fresnel 
lens represents the best compromise. In generai, if one takes a classica! lens (the so-called 
"prescription lens", depicted in Fig. 1.1 (a)) and then collapses it into annular zones, each one 
having the same slope than the corresponding part on the prescription lens, a Fresnel lens is 
created (Smith, 1990). The result is a refractive element with the same performances as the 
originai lens, but with a drastically reduced mass and absorption such that a thin plate is 
formed (Fig. 1.1 (b)). The plate then may be allowed to take on a curvature as in Fig. l. l 
(c & d), where all the Fresnel lenses have the same optical power sin ce they are all based 
upon one prescription lens. lf both surfaces of the lens are Fresnel surfaces, then the lens is 
said to be a double-sided Fresnel lens, otherwise the Fresnel lens is single-sided. In this case, 
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as in Fig. 1.1 (d), the base curvature Cb of the lens is equal to that of the classica} surface. Ifa 
constant-thickness lens is wanted, the number of zones is usually quite large such that the 
width of each individuai facet is very small. In practice however, some fabrication issues, 
which will be described later in the next chapters, limit the size of the facets. 
l 
y 
(a) 
c =O b 
(b) (c) (d) 
Fig. 1.1. The concept ofFresnellens. (a) classica} prescription lens; (b) a double-sided Fresnellens on 
a flat substrate; (c) a curved double-sided Fresnellens; (d) a curved single-sided Fresnellens. 
One very important di:fference exists between ordinary lenses and Fresnel lenses: assuming 
that no aberrations are present, in common lenses a spherical wavefront is produced, versus 
an overall incoherent wavefront exiting from the Fresnel lens. For a perfect spherical 
refracted wavefront to be created, the thickness step on each ring has to be an integer 
multiple of wavelength. This particular Fresnel lens receives even different names: the 
"p base" Fresnel lens is called "kinoform", or in generai "diffractive optical element" 
(Malacara, 1994). 
Unfortunately, the reduced thickness benefits realized by using Fresnel lenses come at a cost 
(Egger, 1979). Because ofthe segmentation, in a Fresnel surface each facet is coupled with a 
"back-cut" region, namely a small segment parallel to the optical axis that gives discontinuity 
to the imaging surface (see again Fig. 1.1). The back-cut not only does not contribute to the 
imaging ability, but it even damages it by scattering light tbat strikes on it. This radiation can 
be sent to undesirable locations, with t be real risk to contribute t o noi se. Specifically, there 
are two potential hazards. First, light supposed to be imaged to a particular location of the 
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foca! surface that strikes a back-cut could scatter to another location on the image surface and 
contribute to background giare (as in the blue ray in Fig. 1.2). In the second case, unwanted 
background light that strikes a back-cut could scatter to the imaging point of the foca! 
surface, increasing the amount of background noise at the detector (as in the red ray in Fig. 
1.2). The effects of stray light in Fresnel lens have to be taken into consideration, as many 
studies demonstrate (Lamb, 1999; Young, 1988). 
Prl po..'rl~ 
l ·m~.:d J'lux 
Fig. 1.2. The drawbacks ofFresnellenses. 
4. Tbe use of Fresnellenses 
Fresnel lenses have a long history. The earliest stepped-surface lens was suggested in 1748 
by Count Buffon, who proposed to grind out materia! from the plano si de of the lens unti! he 
was left with thin sections of material following the originai spherical surface of the lens. The 
aspheric Fresne] lens as we know it was instead invented in 1822 by Augustin Fresnel. He 
used his first lens in a lighthouse, where these elements are stili nowadays employed to 
collimate light from a source located at their foca! point to produce a large diameter beam 
visible from miles away, thanks to their large aperture and high transparency (Fresnel 
Technologies, 2002; Mil/er, 1951). 
In the last fifty years, the advent of optical-quality plastic and the development of computer-
controlled fabrication techniques have made possible the manufacture and a wider 
application of Fresnel lenses of higher optical quality in many fields. For example, they 
represent the primary illumination component in any overhead projector. Their use spreads 
4 
from light collectors, condensers, magnifiers to scientific applications such as solar 
concentrators, working in wavebands from IR to near UV (Miyiasaka, 2001; Nishihara, 
1987). In the 1960' s Fresnellenses were employed also on ground-based observations for the 
same purposes as EUSO: the detection system was a collection of 50 cm Fresnel lenses to 
cover the entire sky (Adams, 2002 EUSO CSR). Later, the first air shower event was 
successfully detected by the same method with a large Fresnellens having a 2 m diameter in 
Tokyo (Tanahashi, 2000). Presently, industriai companies are able to manufacture 
monolithic Fresnel lenses up to 5 m, albeit they are relatively flat and single-sided, primarily 
for commerciai applications. 
5. Dissertation goals 
This dissertation investigates the development of the use of Fresnel lenses for the optical 
subsystem of EUSO mission. The idea of applying these refractive elements to EUSO is not 
new: indeed, some years ago D. J. Lamb at the University of Alabama in Huntsville (UAH) 
preformed severa! analyses via computer models for imaging and stray light behavior of 
Fresnel systems (Lamb 1999). 
This research begins and ends during European phase A for EUSO mission. Meanwhile, even 
American phase A started. Hence, it was imperative t o follow the flow of these phases. Most 
part ofthis work was elaborated at UAH in a 1.5 years' period, thanks to the support ofDr. 
Takahashi and Dr. Hillman ofUAH Physics department. 
Starting where Dr. Lamb left, the mai n goal of this research is to prove the feasibility of the 
Fresnel lens design for different materials and to compare the various performances. Great 
care has been given t o test t be validity of these systems in imaging mode, trying to optimize 
the configurations first in monochromatic light and then also within the EUSO working 
waveband, according to the scienti:fic requirements. This has been possible through the use of 
commercially available design and analysis software. Besides, the research bas always paid 
attention t o the development of the other subsystems (i.e. the detection subsystem), as well as 
the proposed fabrication techniques for this kind of optics: indeed, in tbis phase what is 
needed to evidence is the possibility of building sucb a virtual system with the current 
technologies, maintaining good performances. No stray light models have been elaborated, 
because i t was not the biggest concem at this point of the study, since the results of tbe past 
analyses indicated that the effects of the signal losses, predictable via accurate computer 
models, are stili acceptable. For sure, they will be object for a future analysis. 
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Also of interest in this dissertation is the testing of a new EUSO prototype built in Japan 
during phase A. The fabrication feasibility was indeed already proved by Lamb's work. It is 
important that computer simulations on one si de and fabrication and testing of prototypes on 
the other side proceed together and interact: each field has to learn from the other, ifa safe 
project is the mai n ai m of the mission. 
6. Dissertation outline 
The presentation of the reasons that lead this research open next chapter. The existence of 
cosmi c rays with energies above l 020 e V presents mysteries in high-energy astrophysics an d 
cosmology that are worth to be studied, especially with the advent of new space-based 
technologies. The physics of air shower dynarnics and the detection of air showers define the 
system specifications for EUSO mission, which is briefly described at the end ofthis chapter. 
Phase A official baseline design created by D. J. Lamb is introduced in Chapter ID. This 
configuration, particularly valid for one materia! and only for one defined wavelength, is 
analyzed in detail, in order to collect all the possible threats that such a complicated Fresnel 
system can produce once built and deployed into space. 
Starting from the baseline design, optical engineers built a scaled prototype whose aim is to 
confirm the feasibility of this optical system. Chapter IV deals with the testing of cEUSO 
prototype, whose originai design was optimized only for monochromatic light. It is important 
to test its (limited) imaging and radiometric performances, for its construction wavelength 
and not, because manufacturing can introduce errors that can damage the overall mission. 
Chapter V proposes implementations to the baseline design, introducing also configurations 
based on new materials in order to tame the chromatic aberrations in the entire waveband. 
Since the lenses will not be built as monolithic, the computer design can take advantage of 
the planned fabrication procedures as a hint to further improve the performances. Indeed, the 
segmentation process of the lenses suggests that more degrees of freedom are available for 
the optimization routines. 
Another step towards an imaging improvement is done in Chapter VI: here it is shown how 
adding diffractive surfaces on the Fresnel lenses affects polychromatic imaging properties of 
the baseline design. 
Finally, Chapter VII summarizes ali the topics proposed in this dissertation, highlighting the 
achievements and pinpointing the steps that must be followed in the next future. 
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The dissertation is concluded with some appendices. In the first pages the efforts made in 
Japan to learn a particular fabrication process of Fresnel segments are described. Another 
appendix is devoted to a brief description of two methods of Fresnel lens cuts: since it is a 
manufacturing issue and it also concerns advanced computer analyses that have not been 
conducted in the dissertation' s work, this topi c is put in the appendix. 
Last appendices are a collection of design parameters for ali the configurations introduced 
and analyzed in chapters V and VI. Also, tolerances tables and relative figures about the 
Strawman design, besides the images taken with the tested prototype, are placed in the 
appendices. 
In generai, however, it was decided not to report all the data describing the configurations: 
this choice was due to the fact that some US federallaws concerning NASA prevent from 
disclosing some parts. Besides, much of this work is a strong innovation and part of i t is even 
patent pending: it is therefore not the tirne to make these issues public, yet. 
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CHAPTERil: 
TUE HIGHEST ENERGY COSMIC RA YS 
AND THE EUSO MISSION 
l. lntroduction 
In order to fully understand the optical ana1ysis that will be presented starting from the next 
chapter, it is mandatory to first discuss the reasons about the idea of such a mission. The goal 
of the first part of this chapter is to provide a detailed description of the theoretical 
motivations that lead to the need of developing a new mission with wide-angle optics, which 
is the topic ofthis work. In particular, the discovery, the studies and the open questions about 
the Highest Energy Cosmic Rays are presented. Severa] ground-based experiments are being 
conducted, but a big jump ahead is required, which is represented by space-based ones. The 
EUSO mission, the frrst in its conception, will be described following the science 
descriptions. 
2. Tbe knowledge of Cosmic Rays: past, present an d future 
In 1912 the Austrian physicist Hess, willing to solve the mystery about a weak ionization of 
the air even in absence of radioactive substances or other ionizing sources, ideated an 
experiment using some oscilloscopes mounted in a hot air balloon. Hess observed that the 
discharge velocity of the oscilloscopes, after an initial diminution, was increasing with the 
height. He then assumed the existence of a new ionizing radiation coming from the outer 
space, concluding that "a radiation of very great penetrating power enters our atmosphere 
from above" (Rossi, 1964). Later, Millikan confrrmed with other experiments that this 
radiation had an extraterrestrial origin: he gave it the name of "Cosmic Radiation". The first 
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systematic studies about the nature of the so-called "Cosmic Rays" discovered that their 
trajectories were deflected by the Earth' s magnetic field, so these particles had to be charged. 
Since those pioneering years many experiments have been conducted, first from the ground 
and on balloons, then al so on satellites and with the use of the space shuttle. It was then 
realized that cosmic rays can be atomic nuclei, sub-atomic particles, photons and neutrinos 
that permeate the universe. One ofthe main discoveries was the fact that the cosmic ray flux 
falls many orders of magnitude, from the l 06 e V (Me V) range to the l 020 e V (l 00 Ee V) (so 
far). Experimental techniques used to detect this flux at different energies must therefore be 
different. For instance, at energies lower than around 1012 eV the flux is strong enough to 
allow direct measurements, while for higher energies the study of cosmic rays must be 
indirect because ofthe low flux involved (see Fig. 2.1) (Soko/sky, 1989). 
The relatively recent development of technology and detection techniques allowed some 
experiments to detect cosmic rays with energies higher than 1011 eV; in some cases even 
particles with energies up to 3.4x1020 eV were observed. In particular, six ground-based 
experiments ha ve reported so far a total of 22 events with energies above l 020 e V during the 
past 40 years: according the these data, at those energies the corresponding flux should be 
around one event per km2 per century. A plot ofthe cosmic rays flux for various energies is 
shown in Fig. 2. 1. The whole spectrum can be roughly represented by a single power law 
differential spectrum: 
(2.1) 
where the exponent a. is around 2.8. However, small kinks at 1016 eV ("knee") and 1019 eV 
("ankle") are visible: in between, the spectrum steepens to a a. of 3 (Teshima, 2000). The 
existence of this power law is very important in restricting some possible acceleration 
mechanisms, since the source of cosmic rays must be such as to generate this kind of 
spectrum (Sokolsky, 1989). 
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Fig. 2.1. The observed cosrnic ray spectrum: flux vs. energy. 
As already stated, the "knee" is roughly the highest energy at which direct measurements of 
cosmic radiation by instrument is feasible. Above that energy, measurements are made by 
observation of the cascades ("Extensive Air Showers") of particles that result from the 
interaction events of a high-energy cosmi c ray with the Earth' s atmosphere. The "knee" in 
the spectrum may be correlated with a change in cosmic ray composition: in fact, some 
experiments reported an increased proportion of iron and otber heavy nuclei in this region1 
(Sokolsky, 1989). lt is probable that these particles are originated within the galaxy (Hillas, 
1983). A possible interpretation of this scenario exploits the "leaky box" model of the 
galaxy: particles diffuse freely within the galactic volume; as their energy increases, some 
protons can reach tbe galactic edge and can escape (as will be seen in tbe next pages). Since 
this is not true for other heavier elements such as iron, the remaining flux is enriched with the 
latter (Sokolsky, 1989). The "ankle" is interpreted as the crossover energy from a galactic 
1 The composition of cosrnic rays up to 1015 e V is approximate1y 50% protons, 25% a-particles, 13% 
CNO and 13% Fe. 
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cosmic ray spectrum to an extragalactic one with a possible change in primary elemental 
composition. But a problem arises: the existence of cosmic rays with energies in excess of 
l 0
20 
e V seems to be in contrast with the current theory of the GZK cutoff In fact the power 
la w spectrum does not show any sign of a cutoff. 
a. The GZK cutoff 
Soon after Penzias and Wilson discovered the 2.7 K cosmic microwave background (CMB) 
radiation, Greisen and, independently, Zatsepin and Kuzmin pointed out tbat this radiation 
would mak:e the universe opaque to cosmic rays of sufficiently high energy (Greisen, 1966; 
Zatsepin and Kuzmin, 1966). The average energy for a pboton of the C:MB radiation is 
6.3xl0-4 e V; this energy is transformed by a factor y (l+cose) in the rest frame of a cosmic 
ray particle of total energy ymc2 (where m is its rest mass and the angle e is the intersection 
oftrajectories ofparticle and photon in the laboratory system) (Hillas 1983). In the particle' s 
rest frame the photons look like high-energy (1019 eV) gamma rays, and through interaction 
with these photons an Extreme Energy Cosmic Ray (EECR) gradually loses its kinetic 
energy; the process continues until the energy of the cosmic ray drops below a threshold 
(T ab. 2.1 ). For protons, for instance, this occurs when tbe pio n photoproduction threshold is 
reached (~5xl019 eV). 
Process Cutoff Energy Mean free path 
Protoos p + Y2.1K ~ 7t0 + p or 1t+ + n ~ 5 x 1019 e V 50Mpc 
Nuclei A + 'Y2.1K ~A'+ X (n,p,a. .. ) ~ 5 x 1018 e V/n lOOMpc 
Neutrinos V + V J.95K ~ (W/Zo) + X > 4 x 1022 eV 40Gpc 
Tab. 2.1. The processes and their cut-off energy for some primaries2. 
Fig. 2.2 shows the section for higher energies according to the latest measurements tak:en 
with AGASA and HiRes experiments (see their description in the next pages). 
2 Electrons are not considered as potential pr:imaries because the energy loss due to bremsstrahlung 
radiation does not let them reach very high energies (Sokolsky, 1989). 
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Fig. 2.2. The observed cosmic ray spectrum for cosmic rays of energies >1017 eV as observed by 
AGASA and HiRes. The line represents the new theoretical estimate ofthe cosmic ray spectrum in a 
consistent way with HiRes data. 
Hence, the traveled distance of such particles depends upon their initial energy: the mean free 
path for an Extreme Energy Cosmi c Ray is approximately 50-100 Mpc 3. However, new 
measurements expected witb the existing ground-based experiments and witb future ones 
will better define this part of the spectrum. For instance, recent data would slightly shift tbis 
cutoffto higher energies (see Fig. 2.2). A significant bump should, nonetbeless, be found for 
protons at 1019-1020 eV: in fact, since the above-mentioned GZK effect does exist, there 
should be evidence of a piling up of protons at sub-GZK energies (Stecker, 2002; Takahashi, 
2000). Tbus, any non-neutrino cosmic ray that reacbes the Earth with energy greater tban its 
GZK cutoff threshold should bave been produced at a location that is within the above-
mentioned range from our planet. Cosmologically speaking, tbis locates the potential 
source(s) fairly locally, about the distance of the Virgo cluster to which our galaxy belongs. 
Since tbe magnetic field of the galaxy and inter-galactic space is not strong enough to bend 
tbe trajectory ofthese particles more than a few degrees, tbeir path should point back to these 
close-by sources. However, no possible nearby astrophysical sources (accelerators) at the 
arrivai direction ofthese particles bave been found so far (Teshima, 2000). 
In conclusion, the main cballenges for understanding the super-GZK data are: 
3 l pc = 3.086xl016 m= 3.262 light years. 
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l. discovering the cosmic source(s) that can bave accelerated the primary particles to 
such extremely high energies~ 
2. ifthe sources are very distant (>100 Mpc), figuring out howthe primaries could 
propagate through the cosmi c background radiation without substantial energy loss. 
(Takahashi, 2002b). 
b. Models for super-GZK events 
During the past decades great progress has been made in understanding the origin of the 
lower energy (<1016 eV) cosmic rays. The mechanism believed to be responsible for the 
particle acceleration is the first order Fermi acceleration at shock fronts (forward and reverse) 
in active cosmic objects such as supernova explosions (Sokolsky, 1989), in our galaxy or in 
the nearby ones. The basic concept ofthe Fermi' s theory is the encountering of a particle, of 
velocity v, with a "magnetic wall" of velocity V formed by shocks. In the wall frame, the 
wall reflects the particle without any energy exchange; however, in the laboratory frame the 
particle' s energy is modified (a gain in case ofhead-on encounters). Particles can encounter 
the shock multiple times by diffusive running back to the same shock front._Ifthere are many 
of these walls moving randomly it is stili possible to demonstrate that overall the relativistic 
particle gains energy. This theory is successful because it predicts that the energy spectrum 
of the colliding parti cles should be a power la w, as found empirically with the observations. 
A supernova explosion is due to a gravitational or thermonuclear instability occurring in the 
interior of a star at the end of its evolution. The emission of a strong shock wave, which 
blows up the compact envelope, attains a relativistic velocity (Cesarsky , 1983). However, 
with this process the maximum achievable energy is only about 1015-1016 eV, depending on 
the environment of the su perno va. 
The present number of super-GZK events is stili too low to allow a quantitative investigation 
of their origin. However, since accelerations with the standard mechanisms seem not to be 
efficient for EECRs (Takahara, 1996), severa) other explanations have been proposed: some 
exploit the known astrophysical objects in very extreme acceleration "Bottom-Up" scenarios, 
others invoke new physics ami/or particu]ar particle types tbat could avoid the GKZ cutoff 
("Top-Down" scenario) (Kalashev, 1999). Some of these possibilities are worth to be 
addressed more in detail. 
The production of cosmic rays of such energies could be provoked through accelerations in 
electromagnetic fields of active objects sucb as neutron stars. Also Gamma Ray Bursts 
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(GRB), some of the most explosive phenomena in the universe with an enormous released 
energy in a very short time (around 1045 J in a few seconds), could be able to attain these 
enormous accelerations in the cosmic ray particles, but a clear verification is stili to come. 
The most accredited GRB model is calledjireball. According to it, an initial event involving 
a neutron star or a black ho le shrinks an energy amount of the order of the solar mass in a 
magnetized sphere with radius about 100 km. Successively, a relativistic shock expands the 
originai sphere with a factor l 06 in about o ne second; during the expansion a radius is 
reached for which the plasma becomes transparent to the radiation that is revealed as a GRB 
(Giurgola, 2001). 
Active Galactic Nuclei (AGN) are extremely compact astrophysical objects: they probably 
bave a centrai black hole that generates an accretion disk and two jets aligned with the 
rotation axis of the system. The b/azars are particular AGNs whose axis is aligned towards 
our line of sight. These jets are considered a plausible region for acceleration of cosmic 
particles. 
However, independently from tbe acceleration mecbanism, the astrophysical environment 
where the particle undergoes acceleration must be big enough to Jet the particle gain the 
required energy for escaping; in other means the curvature radius of the particle' s trajectory 
has to be smaller than tbe dimensions ofthe accelerating site (Stecker. 2002). 
This condition can be reformulated in the following formula, which gives the maximum 
energy a parti cl e ( of cbarge Z) can attain in an accelerating si te w ho se dimension is L an d 
witb a magnetic field B: 
Emax= fJZ x(_!!_) x(~Jx l018 eV, 
lj.C lKpc 
(2.2) 
where ~c is the velocity of the rotating object or the shock velocity, depending on the 
acceleration process considered. The above-mentioned radius of curvature, for a relativistic 
particle of energy E (e V) and charge Z in a magnetic field B (gauss) norma! to the particle's 
velocity, is caUed tbe "gyro-radius" (Hillas, 1983), defined as: 
l E 
rL(cm) = --. 
300 ZB 
The condition (2.2) is usually graphically represented in the Hillas plot (Fig. 2.3): 
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Fig. 2.3. Location and identification of acceleration sites (Hillas, 1983). 
In this figure, the green solid line indicates the limit for protons, the dashed line is the limit 
for iron nuclei, both with extreme shock speeds of ~=l, the upper blue line is for protons at 
more realistic shock speed of ~=1/300. Environments below the diagonal line cannot 
accelerate particles t o l 020 e V by shock acceleration, either because the dimension si te is too 
small or because the magnetic fields are too weak. 
Possible candidates can therefore be neutron stars, Gamma Ray Bursts, Active Galactic 
Nuclei, Radio Galaxies and colliding galaxies. However, a too strong magnetic field can 
yield a parallel loss of energy due to synchrotron radiation (Teshima, 2000), hence the 
realisti c candidates reduce to GRBs, relativistic jets of b/azars and hot spots of radio galaxies 
(although the last two lie on the acceleration boundary). But even if 1020 eV could be 
achieved, it is still unclear how the accelerated particles could emerge from the dense 
radiation fields near the acceleration region without significant energy losses. However, most 
of the radio galaxies and AGN are at distances > l 00 Mpc from Earth; besides, recent 
observations suggest that the arrivai directions of the most energetic cosmi c rays do not point 
to any known active galaxy. 
16 
Even magnetic fields in objects as magnetars (highly magnetized pulsars) bave been 
advocated as a possible acceleration site of EECRs: in some cases, the field ' s energy is 
sufficient to allow accelerations at extreme levels; the question is, stili, how (Takahara, 
1996). 
Other potential explanations for the existence of the revealed high-energy cosmi c rays do not 
rely on acceleration mechanisms. Rather, it is suggested that the origin stands in Topological 
Defects (Bhatthacharjee, 1998; Vilenkin, 1994). A Cosmic Topological Defect (magnetic 
manopole, cosmi c string, domain w ali, etc.) is a regio n of the universe w h ere a particular 
symmetry is preserved but not in the neighborhood, as the consequence of a phase transition 
which broke the existing symmetry at the energetic scales of the Grand Unification Theory 
(GUT). In the singularity represented by the Topological Defect a huge amount of energy 
remains. It can be source of extremely massive unstable particles (the so-called X particles), 
which carry themselves a lot of energy. Topological Defects are in generai topologically 
stable; however, sometimes they can release the trapped X particles. Their decay can give 
rise to extremely energetic nucleons, neutrinos and photons, which may potentially explain 
the extremely high-energy cosmi c rays events with energies above l 011 GeV. This so cali ed 
"Top-Down" scenario avoids some of the classica} problems, such as the difficulty in 
. 
explaining the energies of the EECRs events obtained with conventional shock acceleration 
processes in astrophysical objects, and the lack of simply identifiable sources for these 
events. Indeed, Topological Defects do not necessarily need to be associated with any visible 
or otherwise active astrophysical object: for instance, one could think to relatively recentlnon 
cosmologically distant decays of Topological Defects into X particles, in order to bave 
primaries that obey the GZK effects. However, there are some uncertainties about the 
lifetime ofTopological Defects that can affect their use in these explanations. 
It is also worth to notice that other theories are being developed. The origin of high-energy 
cosmi c rays may simply li e in some nearby sources of stili unknown kind, or, again, they can 
originate from some other exotic hadrons, heavier than protons, or some magnetic 
monopoles. Even more challenging ideas invoke the change in some physical laws: a 
possible violation of the Relativity principle for extreme Lorentz factors (Salo, 2000). 
Assuming that the somehow accelerated or created particles can get out of their source 
regions, the cosmic rays that are detected in the experiments must obviously arrive at the 
Earth. In their passage through interstellar and intergalactic space to reach our planet, cosmic 
rays traverse magnetic fields that affect their direction. Galactic magnetic field can 
generically be thought as made up by two components: the regular field, which has the 
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strength of l to 3 !!gauss, lying in the galactic piane and directed toward galactic latitude 90°, 
and the chaotic field (with a comparable magnitude), produced in magnetic clouds generated 
by the streaming motion of ionized gas (Sokolsky, 1989). These interactions cause energy 
losses and al so the breakup ("spallation") of any heavy nuclei that may be constituents of the 
cosmic rays. Their trajectories are bent and scattered by these fields, and the resulting effect 
is a diffusive motion of cosmic rays in the galaxy. Cosmic rays of lower energies can 
therefore be entangled in magnetic clouds and suffer large deflections, while at higher 
energies these angular deflections are smaller (Sokolsky, 1989). The extragalactic magnetic 
field has still an unknown intensity, but the upper limit is estimated to be 10-9 gauss. For a 
proton with energy 3xl020 eV the gyro radius, defined in (2.3), would be ~ 300 Mpc in the 
case of extragalactic magnetic field and around 150 Kpc for the galactic field. These numbers 
are to be compared with the galaxy radius (- 15 Kpc) and the galaxy thickness in the 
proximity ofthe solar system (- 0.3 Kpc). The radius is evidently bigger than the dimensions 
of the galactic disk, therefore such particles could be generated outside the galaxy, and the 
intensity of the magnetic fields should not significantly affect their trajectories: within an 
error the incoming direction should point backward to the source. But so far very few 
candidate sources bave been found within the l 00 Mpc distance. 
In the classica} view, if there are no good candidate sources within the GZK cut-off distance 
the EECRs should have origin beyond this limit. Among the known particles, only neutrinos 
can propagate unimpeded to Earth from distant acceleration sites at super-GZK energies, 
since they do not interact with the 2. 7 K CMB and so they do not suffer from GZK effect. 
Besides, since they are neutral, their trajectories are already straight, without bothering the 
extragalactic magnetic fields interactions, and their small magnetic moment allows avoiding 
significant energy losses via magnetic dipole interactions with the 2. 7K microwave 
background (Fargion, 1999,- Weiler, 1999; Weiler, 2001). 
Highly energetic neutrinos can be originated botb from acceleration ("Bottom-Up") 
mechanisms and from "Top-Down" scenarios, althougb the neutrino production rate for the 
two processes is different. In both cases the main contribution to neutrinos' flux is due to the 
decay of 1t + and 1t-, through the process: 
(2.4) 
The main difference lies in the fact that in the first case there must be the presence of a 
proton producing pions, due to the interaction of protons with CMB: p + 'Y2.7K ~ 1t. When 
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neutrinos are produced from the interaction of cosmic rays with the background radiation, 
they are called "GZK neutrinos", originating from the GZK processes at cosmologica] 
distances. 
Instead, in the "Top-Down" models photons and neutrinos are directly generated from the 
pions' decay due to the destruction of the X particles. In this case there is stili no upper limi t 
to the maximum achievable energy. 
Some sources for EECR neutrinos bave been proposed. In the "Bottom-Up" scenario good 
candidates seem to be Gamma Ray Burst fireball, AGN and blazar jets (Chen, 2002; 
Takahashi, 1999), whicb should be able to generate tbe primary protons, as already seen in 
the previous pages. On the other side, instead, the most interesting cases are the decay of 
Topological Defects and supermassive relic particles4. As already pointed out, from 
Topological Defects the decay of the resulting X particles gives rise to leptons and quarks. 
The quarks then hadronize, producing jets of hadrons, which result in a cascarle of energetic 
photons, neutrinos and some protons and neutrons (Kalashev, 2002). 
The observed thermal 2. 7 K cosmi c background radiation, which permeates tbe universe as a 
relic of the Big-Bang, is accompanied by a 1.96 K cosmic neutrino background of the same 
Big-Bang origin. It has been proposed that high-energy neutrinos interact with this copious 
1.96 K background, and througb the resonant annihilation to a Z-boson (Tab. 2.1) they can 
produce a flux of leptons, hadrons and photons above the GZK cutoff energy in our Local 
Group of galaxies or in the galactic hai o. If this happens within the GZK attenuati o n distance 
(Fig. 2.4), this so-called Z-burst model5 can be responsible of the primaries that create the 
"trans-GZK" air showers (Halzen, 2002; Stecker, 2002; Weiler, 1999). A typical Z boson 
will decay producing -2 nucleons, -20 y-rays and -50 neutrinos, with energies exceeding 
EazK (Weiler, 2001). But this hypothesis is based on the assumption that there exists a 
significant flux of primitive highly energetic neutrinos, which could be for example 
generated by Topological Defects. 
4 
Supermassive relic particles are essentially metastable particles with mass ~ 1012 GeV and life 
comparable with the Universe. They are good candidates to be part of the dark matter (Giurgola, 
2001). 
5 
lfthe neutrino mass is in the range- 0.1 to 2 eV, the energy in the resonant Z-burst is sufficiently 
abovethe EozK: E~ = M~ /2mv = 4(eVfmv) x 1021 eV (Weiler, 2001). 
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Fig. 2.4. Production of a Z-burst from the annihilation of a cosmic ray neutrino on a relic neutrino. lf 
this happens within the GZK dimensions and towards the Earth, the Z-burst creates particles of 
sufficiently high energy to initiate super-GZK air showers. 
Ali the proposed neutrino production theories give also an estimate about the possible 
neutrino flux they can originate. These models are summarized in Fig. 2.5. In particular, in 
the range O .l t o l 00 P e V the AGN neutri no flux may be dorninant over other sources; in t be 
same range, neutrinos from GRB may be distinguishable because of their directionality and 
impulsive features. Above l Ee V, neutrinos are produced mainly from the photomeson 
interaction of ultra-high energy cosmi c rays with the 2. 7 K background photons and from 
Topological Defects. Finally, the highest energy neutrinos (E > 100 EeV) are presumably 
produced by Topological Defects, Z-bursts or other speculative theories (Stecker, 2002; 
Weiler, 1999). Therefore, the measurements ofthis flux can be very important to discriminate 
between production models. 
Not ali the neutrinos detectable on the ground do originate from the space: there exist in fact 
also the so-called Atmospheric Neutrinos, namely all those neutrinos produced in the primary 
cosmi c rays' interaction with atoms of the atmosphere, which could be considered a sort of 
background. Fortunately, above 100 Gev their flux is very low (as is visible in Fig. 2.5) 
(Itow, 1996). These are the only kinds of neutrinos, besides the solar neutrinos in the Me V 
region, which ha ve been observed on the Earth' s surface so far. 
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Fig. 2.5. Some examples of neutrino flux predictions: Atmospheric and AGN tluxes; Photomeson 
production via PY21K; Topological Defects; Zsurs~s; GRBs. The photomeson production, followed by ,r 
decay, is represented in three curves: curve l is the calculated tlux without red-shift evolution, curves 
2 and 3 are with red-shift6 evolution ofthe proton sources a. (l+ z)m, m being 3 and 4 respectively 
(Stecker, 2002). 
c. Detection ofEECR so far 
At present the highest energy cosmic rays measured bave energy of3.2xl020eV (from Fly' s 
Eye experiment) and 3.4xl020 eV (from AGASA). Their exposures are comparable; 
unfortunately, the few HiRes and AGASA measurements are somehow in conflict about the 
possible spectrum above the GZK cutoff (see Fig. 2.2), so the predictions are even more 
uncertain. In generai, the collected data (Fig. 2.6, in the case of AGASA) show an isotropic 
distribution in the sky on large scales, cleariy suggesting an extragalactic origin (as already 
suggested because ofthe weakness ofthe extragalactic magnetic fields for such cosmic rays' 
energies); however, there is also evidence of small-scale clustering (events within 2.5°) 
(Ciay, 1996). AGASA experiment has counted so far six pairs and one triplet of spatially 
correlated events, with arrivai times differing by less than two years. The chance coincidence 
6 The red-shift is usually used in astrophysics to measure distances and therefore time on 
cosmological scale. It is the shift towards the red ofthe spectrallines ofthose objects that are getting 
away from the Earth, basically due to Doppler effect. From this quantity it is possible to determine the 
velocity of those objects, and with the Hubble law one can therefore obtain a measure of their 
distance. 
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probability for these clusters arising from an isotropic distribution is very low, less than 
0.04% (Hayashida, 1999). The large-scale isotropy, though, suggests that many sources, 
rather than one or a few, are probably required. Unfortunately, the few possible candidates 
within a radius of l 00 Mpc from the Earth ha ve an anisotropie distribution. In general, 
however, a statistical analysis using larger samples of events, with respect to those collected 
so far by the existing experiments, is needed in order to find more clues about the arrivai 
direction distribution. 
Il 24h r-~~~~~~~~~~--~~~---+~--~· o 
Fig. 2.6. Arrivai directions (in equatorial coordinates) of cosmic rays with energy > 1019 e V as 
measured by AGASA Lines show the galactic plane (red line, and GC is the galactic center) and the 
supergalactic plane (blue line). Data bave been collected only in the Northem hemisphere. 
d. The Extensive Air Showers 
The very low flux of Extreme Energy Cosmic Rays (EECRs) (see Fig. 2.1) requires huge 
detector sensitive areas to obtain the necessary statistics in a reasonable length of time. The 
Earth's atmosphere, with its acceptance area of severa] millions km2 and target mass of 1013 
tons, serves as a suitable "parti cl e amplifier", in the sense that a primary cosmi c ray sets off a 
chain reaction of particle production and energy transferring collisions between other 
atmospheric atoms and molecules. The point at which the incident cosmic ray interacts 
mainly with Nitrogen and Oxygen nuclei is determined by the inelastic proton-nucleon (p-N) 
cross-section (Sokolsky, 1989) and by the neutrino-nucleon (v-N) cross-section. Neutrinos, 
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however, ha ve the smallest cross-section among ali the known particles at energies below the 
Grand Unified Theory (GUT). But according to an extrapolation to the highest energy for the 
v-N cross-section interaction in the Standard Model (SM), this cross-section rises with 
energy, making the detection of neutrinos easier at higher energies (Gandhi, 1998): for Ev -
l 020 e V i t becomes sufficiently high ( cr = O .llJ.b 7) to produce showers in the atmosphere, but 
stili sufficiently low to make these interactions happen in the lower part of the atmosphere, 
giving a possibility to distinguish the air showers generated by a neutrino with respect to 
those created by a proton (Kusenko and Weiler, 2002; Stecker, 2002). 
The secondary particles produced in these interactions continue on to produce more particles 
in the same manner. For example, in the proton case as a primary the 1t produced in the pion 
production (see Tab. 2.1) decays via the (2.4). The so-called Extensive Air Shower (EAS) is 
so formed by billions of secondari es that penetrate the atmosphere at the speed of light for a 
length as long as l 0-100 km, depending on primary' s energy and the angle with the vertical 
(Jnoue, 2000; Rossi, 1964). Most ofthese particles are photons and electrons. However, the 
shower composition depends on the primary's composition: if the primary is a photon or an 
electron, then the resulting EAS will be composed mainly by other photons and electrons; but 
if the primary is a hadron, then in the EAS there will be three major components: hadronic, 
electromagnetic and muonic (Giurgo/a, 2001). The cascading effect first increases, while the 
energy associated to each parti cl e diminishes (due to pair production for photons and 
bremsstrah/ung for electrons), until it reaches a maximum and then decreases as the particles 
approach .the ground, since the energies fall below the threshold for further reactions. The 
duration of the passage lasts for l 00-1 000 lJ.S. O n their way, these relativistic parti cles ionize 
the air atoms and molecules (mainly Nitrogen molecules, which make up most of the 
atmosphere) and excite their metastable electron levels. In the order of a few nanoseconds 
after the excitation, electrons from these levels return to the atom/molecule ground leve] 
emitting a characteristic fluorescence light that develops mainly in the lowest part of the 
atmosphere (Sokolsky, 1989). This is due to the exponential distribution of the mass in the 
atmosphere with a relatively small-scale height (Streitmatter, 1998). 
Any parti cl e moving in a medium with a velocity that is higher than the o ne of the light in the 
same medium causes the emission ofthe so-called Cherenkov light. In this view the electrons 
in EAS can generate also Cherenkov radiation if their energy exceeds a minimum threshold, 
which is related to the threshold velocity v = e/n (H), where c is the speed of light in vacuum 
7 
l b (barn) = l o·24 cm2 is the unit for the measure of cross-sections. 
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and n is the index of refraction at a given atmospheric height H. The angle of maximum 
emission of Cherenkov Iight with respect to the particle direction is given by: 
(2.5) 
therefore in standard conditions of temperature an d pressure and considering n = l. 00029 at 
sea leve!, Smax = 1.3°. This denotes that while the fluorescence emission is isotropic the 
Cherenkov is highly collimated along the direction of motion of the shower, and the aperture 
angle is determined by the atmospheric height (Sokolsky, 1989). 
Nitrogen molecules fluoresce soon after excitation, so the EAS is observed as a thin 
luminous disk 100m in diameter around the trajectory ofthe primary. This fluorescence has 
though a broad spectrum., but the Signal-to-Noise ratio is most favorable in the 330 - 400 nm 
band, where there are three important N2 Iines, at 337, 357 and 391 nm. When the shower 
reaches the ground, a Cherenkov flash in the UV precisely indicates the position and time of 
landing point. Electrons, together with positrons and Il particles, are the most numerous 
particles produced in an EAS. 
For neutrinos as primary cosmic rays, there are some points worth to be highlighted (Bottai, 
2002; Takahashi, 1999; Takahashi, 2000; Vannucci, 2001). Only three neutrino species are 
currently known: Ve, v'"' and v't. In generai, only Ve and v'"' are produced in the high-energy 
cosmic rays sources, with a flux ratio of l :2. However, v't neutrinos do exist in an oscillation 
scenario between neutrinos varieties (specifically with vf.l type), as confirmed by some 
experiments such as Super-Kamiokande (Itow, 1996): the fina! v't flux is comparable with the 
other two fina! fluxes. 
But when reaching our planet, most Ve and vfL neutrinos at energies above 1015 eV are 
absorbed by Earth, because ofthe rise ofweak cross-sections at extreme energies; only the v't 
interactions results can be revealed. A quasi-horizontal v't event at energies greater than 
1019 e V can be identified by a "double bang" structure because ofthe long path Iength ofthe 
t decay: an initial shower at the process v1:+N -7 -c+ X, and another, by the t decay t -7 v1:+Y. 
The v't can also be observed as an earth-penetrating ''upward" shower above 1016 eV in a 
collimated beam of Cherenkov Iight: v't interact near the Earth's surface after penetrating the 
whole Earth and produce t particles that exit the crust, and then they decay in the atmosphere 
(Fig. 2.2). The existence ofupward shower at energies 1015-1018 eV makes the revelation of 
v, qui te unique. 
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Fig. 2.7. Upward neutrino detection. The figure represents also the EUSO space telescope, which will 
be descnbed in the next pages. 
e. Particles discrimination 
Some cascarle features ( especially the position of the shower maximum as a function of the 
penetration depth) give many indications about the nature of the primary~ for instance they 
provide information about the initial energy, the trajectory and the chemical composition of 
the primary. Observationally, because of neutrinos' weak. interaction with the atmospheric 
nuclei that make the shower begin at low atmospheric altitude, neutrino induced EAS can be 
distinguished from background events and from other EECR EAS by selecting events with 
large zenith angles that initiate deep in the atmosphere and by observing upwards showers. 
Hence, the identification of the neutrino primary is straightforward. This is even clearer for 
the upward showers, as already explained. Discrimination among other particle types must be 
on a statistica! basis by examining all the information collected during the EAS. The 
fluorescence at the maximum of the shower' s development as well as the total fluorescence 
of the EAS are proportional to the energy of the primary. Also from Cherenkov light it is 
possible to extrapolate similar information (i.e. the primary particle energy and the position 
of the Xmax of the shower), which can be compared with the previous ones in order to ha ve 
verification or a correction ofthe acquired data. Even the knowledge ofthe number ofmuons 
in a shower is useful, since their production rate depends on the atomic number of the 
primary particle (Sokolsky, 1989) and also, once produced, these particles do not tend to 
interact again. Hence, the Jl content of a given EAS is expected to be about the same for 
showers initiated by the same primary with the same energy. Again, muons help to 
distinguish photon primaries from hadrons because in the former case EAS are expected to 
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bave 95% fewer muons (Gaisser, 1990). On tbe otber side, the trajectory, and so the direction 
of possible sources, can be inferred by looking backward from tbe shower8. Finally, the 
chemical composition of the initial cosmi c ray can be deduced from the atmospheric depth at 
which the EAS reaches its maximum and from an analysis ofthe particles' production during 
the shower. The depth is dependent upon the mean free path of collisions and is expected to 
be greater for protons tban for heavier nuclei. 
f. Other atmospheric effects 
Tbe optical effect of the fluorescence produced by EAS must be confidently distinguished 
from other optical atmospheric phenomena tbat usuaJly happen in a time scale that ranges 
from milliseconds to hours, and that represent a very interesting field of research themselves. 
Limiting to a generai overview, the most interesting events one can encounter in the 
wavelength range of interest for the peak fluorescence are essentially nightglow and short-
lived optical-UV phenomena. The first is an event tbat lasts throughout tbe night, and its 
intensity depends on some parameters such as season, local time, latitude and longitude, solar 
activity. In the considered spectrum it has a planetary distribution and is located in the 
mesospheric region. The otber species can be phenomena like blue jets, with a vertical 
structure extending from troposphere up to tbe mesosphere, and elves, horizontally 
developed in the mesosphere. Even aurora events would be taken into account. Finally, also 
meteoroids and meteor streams entering tbe atmosphere release a streak of UV signals (air 
fluorescence and body luminosity) that is an important factor for the study oftbeir chemical 
composition, structure and shape (Adams, 2002 EUSO CSR). 
3. Observational metbods 
The technology of recording cosmi c ray showers has evolved since the early days. At first, 
they were studied using instruments sucb as ionization cbambers, Geiger counters, and cloud 
chambers. These instruments used to record a signal when a cbarged particle was passing 
through them, so they were valid instruments for low energy cosmic rays. In the late 1930s, 
the French scientist Pierre Auger discovered the phenomenon of Extensive Air Showers. 
What he found was that very energetic cosmic rays were capable of producing showers of 
secondary particles which spread over a large area up to hundreds of meters (now we know 
8 See the discussion in the previous pages. 
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that the particles from an air shower initiated by a l 020 e V cosmi c ray may cover an area of 
16 km2) . He realized that it would have been possible to detect those particles reaching the 
ground with the use of ground arrays of particle detectors: they can work independently of 
day or night and with all weather conditions, but the drawback is that extensive Monte Carlo 
simulations are required in order to determine the atmospheric depth at which the shower 
reached the maximum (A UGER, 2002). The trajectory of the primary cosmi c ray is deduced 
from the arrivai time and position of the shower particles at the individuai detector stations: 
in fact, the thin disk of secondary relativistic particles that make up the EAS evolves 
perpendicularly to the trajectory of the initiating cosmic ray, and shades while leaving the 
shower core (Rossi, 1964). This happens even when the cascarle reaches the Earth' s ground 
and therefore also the detector array, which is able to collect informatico about time of 
arrivals and density ofthe shower, giving an indication about the primary energy. Instead, the 
number of muons in the shower gives hints about the identity of the primary cosmic ray. The 
particle detectors in arrays such as these usually consist of some device exploiting the 
Cherenkov effect: in transparent materials the speed of light is less than its value in vacuum 
(in water, for example, light travels at 70% of c); when a high-energy charged parti cl e, such 
as a cosmi c ray, passes through the water at greater speed, i t creates a shock front of Iight that 
spreads out in a eone around the particle. Photomultiplier tubes placed in the water see the 
Cherenkov light and gather information about the particle (Pryke, 1996). Another way of 
detection is through scintillation, by the use of fluorescent plastics (scintillators) in which 
electrons produce a flash of light that can be optically detected using a photomultiplier tube 
(Rossi, 1964). 
A new method was developed in the 1980s based on the phenomenon of atmospheric 
fluorescence. This experimental approach images the shower in the atmosphere into a fast 
photon detector: a shower, progressing towards the ground, shows up as a developing streak 
of UV photons at the speed of light. This technique allows tracking the longitudinal 
development of the shower, giving the possibility to have more hints about the compositi o n 
of the primary; however, the light is very faint and the signal is seen in the presence of 
background sky noise9 (scattered starlight, sunlight scattered by interplanetary matter or more 
easily by the moon and generic man-made light pollution, for instance). Therefore the 
9 With recent balloon fligbts it has been estimated tbat the background flux in the considered range is 
about 250 photons/m2 sr ns. 
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effective observation time reduces t o 1 0%, in conditions of dark, moonless and cloudless 
nights. 
Unfortunately, the average number of emitted photons in the fluorescence light is low 
(around 4.7 photons/m). Moreover, since the emission is isotropic one must deal also with 
the solid angle subtended by the detector, which reduces the available number. 
The arrivai direction can be determined by reconstructing the 3-dimensional shower axis 
either via stereo observation (i.e. using two different two-dimensional data sets taken by 
detectors with fixed separation distance) or via precise timing in a monocular observation. 
Since the fluorescence light yield is proportional to the ionization, the energy measurement is 
calorimetrie and therefore basically independent from the details ofthe shower development. 
Only the fractions of energy draìned ìnto invisible channels such as neutrinos and muons 
affects the total energy calibrations. This correction can be derived from simulations. 
4. Past, present and planned ground observatories for Cosmic Rays 
The earliest attempts to detect EAS fluorescence took piace at Cornell University and in 
Japan during the 1960s and 1970s. The first ground array experiment was the Volcano Ranch 
8 km2 array, which reported <l.n event with energy 1020 eV, while the Haverah Park array in 
England, using water Cherenkov detectors, operated for 20 years and observed 4 events with 
energy higher than 1020 e V. In the mid 1980s a group of American scientists opened the Fly's 
Eye experiment in Utah desert, which collected a significant number of fluorescence events 
until 1992. It basically consisted of2 detectors spaced 3.4 km apart working in stereo mode. 
The Field of View of the devi ce was imaged with an array of 67 spherical mirrors each one 
with 1.5 m diameter (hence the name "Fly's Eye") that could image a small part ofthe sky. 
The FOV was thus a compound eye of 880 photomultipliers; when an EAS occurred within 
the FOV of the instrument, the interested pixels responded with a signa! in specific temporal 
sequence, providing an indication about the primary' s trajectory. One of the most important 
results by Fly's Eye is the Xmax study, whìch suggested a graduai change of chemical 
composition from heavy to light components around 1018·5 eV: this is an evidence for the 
cross over from a galactic component to as extragalactic one (Teshima, 2000). 
Nowadays an implemented experiment, caUed "High Resolution" Fly's Eye (HiRes), exploits 
the site of the old Fly's Eye, while a second new site is located 12.5 km apart. Hence, 
because of its increased aperture and with an improved resolution, this experiment is able to 
28 
get more information about cosmic rays: its aperture is energy-dependent and its geometrica! 
factor10 rises from 340 km2 sr at 1019 eV to 1000 km2 sr at 1020 e V (Al-Seady, 1996). 
A large EAS particle detector array is stili growing in Japan: the Akeno Giant Air Shower 
Array (AGASA), which has already detected several events above 1020 eV. This experiment, 
that has already reached an area of 100 km2 (about 300 km2 sr), consists of 111 scintillation 
detectors of 2.2 m2 area each, with spacings of l km (Crani n, 1996; Hayashida, 1996). It is 
also equipped with a muon detection system. 
The largest planned ground-based experiment facility is the Pierre Auger Observatory, 
expected to be completed in 2004. This project will consist of one station located in Southern 
hemispheres (and in fieri another one in Northern hemisphere) (C/ay, 1996; Mantsh, 1996). 
The Auger Observatory will be a powerful air shower detector because it is planned to 
combine the strengths of fluorescence an d ground array detectors, and once completed it will 
exploit an aperture of7000 km2 sr, yielding about 30 events per year with energies > 1020 e V 
(A UGER, 2002). In the ground array mode with l 00% duty cycle the experiment will work 
with 1600 particle detectors covering an area of3000 km2; during the hybrid mode with 10% 
duty cycle the 4 fluorescence light detectors will make calorimetrie energy measurements 
and will record direct views of shower developments. The shape and direction of the light 
trace are needed to determine the cosmic ray's direction and to indicate what kind of particle 
the originai cosmic ray might have been. In the hybrid mode each detector can therefore 
make independent measures of primary particle energy, direction and exposition, allowing 
cross-calibration and a check of the systematic uncertainties inherent in each of these 
techniques. The particle detection system follows the water Cherenkov conception. The 
detector stations (tanks filled with 12 tons of pure water) will be about 1.5 km apart. It is 
foreseen that the detector will measure about 30 cosrnic ray events per year with energies 
above 1020 eV, along with large numbers oflower-energy ones. 
These ground-based observatories do help enhancing the information about the main features 
of high-energy cosmic rays. The advantages in mak:ing science from the ground lies in the 
fact that such detectors can be checked, repaired and implemented with facility. However, ali 
the collected data with these methods cannot be enough to truly understand the mystery that 
10 Geometrica! Factor: is the quantity (in km2 sr): A = f f cos(Bzenith )dfJdS , where Q is the total solid 
SQ 
angle viewed by each dS element ofthe detector. In generai, for such experiments A = nS, where S is 
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stili surrounds the EECRs. Since the event rate is very low, one could think about a further 
enlarging of the effective aperture of the EAS detector, defined by the duty cycle (i. e. about 
l 0% for fluorescence and l 00% for p artide detectors ), the soli d angle of detected events an d 
the area of either the particle array or the atmosphere monitored by the fluorescence detector 
(Ciay, 1996; Mantsh, 1996). Despite plans for improvements and expansion of existing 
detectors (once completed, Auger would produce a comparable number of events to ali 
previously observed above l 020 e V in only 4 months), it is stili expected that only a handful 
of 1020 e V cosmic rays will be detected. But at least one arder of magnitude more statistics 
would be desirable. By observing the Earth' s atmosphere from space, instead, a very large 
aperture can be attained that is capable of providing the needed energy data. 
John Linsley first suggested that the Earth' s atmosphere at night, viewed from space, 
constitutes a huge calorimeter for observing EECRs. A space EAS fluorescence detector, in a 
low orbit, can see around l 05 km2 sr, compared with the practical limit of ground-based 
observatories that is around 104 km2 sr. lf the purpose is to make more science, the future 
experiments must be space-based. There are obviously many problems associated with such 
an apparatus: for instance it must somehow be carried in space, with consequent limitations 
on dimensions, weight, power consumption, besides orbit and generai instrument 
maintenance issues; on the other side, it must ha ve a large entrance pupil in arder to collect a 
detectable signal, and a large Field of View in order to "see" as much atmosphere as possible. 
5. EUSO 
The EUSO experiment, main topi c of this dissertation, is here presented. 
Bom from an intemational collaboration between space agencies, universities and 
laboratori es in Europe, United States and in Japan, this idea joins different proposals, such as 
the ltalian Airwatch experiment (Scarsi, 1998; Takahashi, 1996) and the US OWL 
experiment (Streitmatter, 1998; Takahashi, 1996; Takahashi, 1999), all with similar 
scientific goals. The EUSO mission, planned to be accommodated on the Columbus Extemal 
Payload Facility (CEPF) of the lntemational Space Station, is essentially a large, high-
resolution digitai camera. 1t will be the frrst space-based observatory for detection of high-
energy cosmic rays that will record Nitrogen fluorescence from EAS tracks and Cherenkov 
photons emitted from the showers and scattered by the land, sea and clouds (Fig. 2.8), for an 
the observed earth surface. The Effective Geometrica! Factor is then the product of A with the 
detector efficiency. 
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operational lifetime of 3 years. It will be a monocular fluorescence detector working via 
precise timing. The overall design criteria are based on the assumption that this space-based 
instrument has to be compact as much as possible and highly efficient. 
EUSO will be pointed towards the Nadir from the ISS orbit, which is -380 km high and 51.6° 
inclined. In order to achieve the scienti:fic goals, the instrument requirements are pretty 
stringent: a 60° full-angle Field ofView (FOV)11 (corresponding to 0.78 sr or 1.7x 105 km2 at 
ground from that altitude), necessary to collect sufficient samples of events; an entrance pupil 
diameter of 2 m, required to collect enough photons from the faint fluorescence signals; a fast 
optics (f/# :5; 1.25), needed to minimize the size and weight of the focal surface structure; a 
330-400 nm bandwidth that contains the prominent N2 fluorescence lines at 337, 357 and 391 
nm and narrow enough to minimize the Signal-to-Noise ratio from background radiation. The 
most challenging requirement, however, is to achieve a wide FOV with a smalJ f/#, recalling 
the compactness that the instrument must bave for being carried in the Space Shuttle until 
destination on the ISS. Besides, the need to trace the cascarle longitudinal profile of 
individuai events leads to the requirement of resolving position along the trajectory of -0.8 
km on the ground. This means that the instrument must be able to image 0.8x0.8 km2 ground 
pixels, which corresponds, from the ISS height, to an angular resolution of approximately 
O. l o: this is about 4 orders of magnitude poorer than tbat predicted by tbe classica} diffraction 
limit. In this way, the directions of the showers can be reconstructed to an accuracy ranging 
on the order oftbe degree, depending on the incident zenith angle and energy. 
Since the instrument will work only in the night sky, over the dark Earth and under low-
moonlight conditions, tbe likely duty cycle will be around O .l . This is estimated al so by 
taking into account the ISS orbit, other natural and manmade background light, the lunar 
cycle, clouds, other atmospheric conditions and interfering ISS activities (Adams, 2002 
EUSO CSR). Background for EUSO is being calibrated by balloon fligbt experiments 
conducted during European pbase A study (see note 9). 
It has been estimated that a shower originated by a l 020 e V event yields UV light of -l O 
photoelectrons/GTU/pixel for EUSO telescope. However, this value is strongly depending on 
the zenith angle of tbe track. Many factors have been taken into consideration: tbe optics 
efficiency (whose maximum transmittance is about 0.6 for on-axis case, and reduces to 0.3 
for 30°-case), the detection system quantum efficiency (that is about 0.12, considering the 
detector QE and other factors such as the UV filter, the UV glass), and the atmospheric 
11 The definition ofField ofView is in chapter ill. 
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transmittance (that is about 0.6 at 350 nm, but strongly dependent on Rayleigh, ozone, dust, 
water vapor scatterings). 
Focal piane: 
-2xl05 pixels 
Fresnellenses 
Fig. 2.8. The concept ofEUSO experiment. 
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The slope of the energy spectrum in the region of the GZK cutoff and above it is poorly 
known, as stated before, so the available statistics is low. The expected counting rates for 
energies above l 020 e V are therefore difficult to define and strongly dependent from the 
assumed extrapolation for the energy spectrum. An effective geometrica} factor of5xl04 km2 
sr combined with an efficiency of 0.1 gives EUSO an expected event rate of around 1000/yr 
above the energy threshold12 (i.e. 3xl019 eV) following the HiRes spectrum, or around 
2200/yr following he AGASA measurements. Extrapolating the measured spectrum beyond 
1020 eV, around 60/yr and 500/yr events respectively are expected (Adams, 2002 EUSO 
CSR). Those results from EUSO are based on extensive simulations that take into account 
12 Tbe energy threshold is the minimum energy that a cosmic ray must bave in order to be detected by 
the experiment. It strongly depends on the background data. 
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time in umbra, moonlight, aurora, the South Atlantic Anomaly, city lights, the effects of 
clouds and the efficiency ofEUSO trigger. 
Overall, EUSO instrument is expected to collect between l 000 and 7000 cosmi c rays events, 
which will be used to specify a more precise energy spectrum. Hence, if there is a GZK 
pileup and cutoff, it should be easily detected with these statistics (Adams, 2002 EUSO CSR). 
Neutrinos are elusive low interacting objects to such an extent that they cannot be observed 
as EAS initiators by all ground-based detectors, whether equipped with particle-counting or 
fluorescence detectors (Takahashi, 2000). EUSO instead, with its sensitive area reaching 
values of the order of l mi Ilio n km2 and mass target of l 0 13 tons, will be sensitive al so to this 
class of events. Moreover, EUSO wiU be ab le to formulate a statistic even for v't. 
a. The EUSO subsystems 
The instrument will consist of three main subsystems: optics, focal piane detection and 
electronic systems (trigger, read-out and on-board data handling) (Fig. 2.9). 
Support 
Struc:ture 
~ Electronics 
Opti es 
Fig. 2.9. The EUSO telescope with the evidenced main subsystems. 
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The main function of the Optics Subsystem is to focus fluorescent light generated by EAS 
onto tbe focal surface, according to the scientific requirements and therefore the instrumental 
ones. To accomplisb this, optical desìgns based on different prìnciples bave been taken into 
consideration. One of the si.mplest optical systems is the spherical mirror. As already said, 
some ground-based experiments use arrays of mirrors to cover tbeir whole FOV (see HiRes). 
Mirrors are well suited for this particular application because they bave small aberrations in a 
very limited FOV and do not suffer from chromatic aberrations. But although tbey can be 
manufactured as highly reflective (and so they have minima! losses), mirrors are always 
obscured either by the detector or by another secondary mirror in front of them. This 
corresponds to a huge Iight loss in the image. In space-based observations, however, the main 
drawback relies on the difficulty to buìld, deploy and maìntaìn in space such a complex array 
with ali its electronics to cover the wide FOV. A way to normally overcome some of the 
inconvenients related with the pure reflecting systems is to add a refractive element, just to 
correct tbe field-dependent aberrations of tbe mirror, providing a better image quality in a 
Iarger Field ofVìew: the basic form ofthìs combination is the Schmidt camera. But the main 
troubles of this solution are stili the obscuration of the mirror by the focal surface and the 
high asphericity ofthe rather massive refractive corrector (Lamb, 1998a; Lamb, 1999). 
Purely refractive systems bave inherently larger FOV than do mirrors and catadioptric 
systems. Lens systems do suffer from chromatic aberratìons due to lens materia! dispersion, 
but EUSO working waveband is small enough to be able to tame these aberrations somehow 
(e. g. with a clever choice of the materials, or even considering a diffractive surface on the 
Fresnel one. These possibilities will be discusses in the next chapters). Being immune from 
obscuration effects, norma! lenses must deal with tbe fact that a large diameter i.mplies a 
Iarge centrai thickness. Such bulky and cumbersome Ienses, besides being very heavy, tend 
to absorb most of the light that is incident upon them, especially in the UV portion of the 
spectrum. In conclusion, normally conceived lenses are not suìtable for space applications 
such as EUSO mission, albeit the wide field characteristìcs of refractive optics are quite 
appealing to our purposes. Moreover, the poor resolution requirements enable the 
consideration of an optical system that is outside the range of norma! astronomica! telescope 
applications. The unconventional solution tbat allows using this refractive optics while 
getting rid of some of its classical inconvenients ìs precisely tbe Fresnel lens technology. 
Fresnel lenses can provide large aperture, wide-field systems with drastically reduced mass 
and absorption. Fresnellens systems for EUSO (and before for OWL) are being studied for 
the last years (Lamb, 1999). However, these particular lenses do bave their own drawbacks. 
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The faceted nature ofthe Fresnel surface causes a portion ofthe incident light to deviate from 
its intended imaging path: this results in scattered light and a reduction in overall image 
contrast (see chapter 1). 
The optical design, whichever configuration is chosen, is usually optimized in a wavelength 
range (for EUSO, as already said, in the near-UV), but it allows the passage of other 
radiation, too, although not focused on the same focal surface. To avoid noise, a filter that 
blocks most ofthe unwanted radiation and allows the passage ofmost ofthe desirable one is 
mandatory. For phase A the best choice is Schott BG3 absorption filter, already 
commercially available. BG3 transmits more than 98% of Iight in the pass band and less than 
20% outside it (Fig. 2.10). The fùter can be mounted on the top ofthe glass window ofthe 
single photomultipliers. 
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Fig. 2.10. BG3 filter performances on the spectrum (Schott, 2002). 
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The focal piane detector must obey some requirements: first, it must be sensitive to single 
photon counting in the 330 - 400 nm band, because of the low number of available 
photoelectrons; it must also be ab le to determine the position of the arriving photons with a 
fast response, in order to accurately follo w the space-time development of the EAS and to be 
ab le to determine the shower direction from a sìngle observatìon point; besìdes, it has to give 
a good Signal-to-Noise ratio and low noise, if the detection of the faint signal produced by 
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less energetic showers is desired; finally, it must ha ve a large sensitive area because of the 
large Fìeld ofView (Shimizu, 2002). 
From the scientific requirements at ISS heìght the spatial resolutìon corresponds to around 
4 mm 13: the pixel dimension should be slightly smaller than this value, in order to have a 
better estimate of the centroids for ali the cluster of photons in the FOV, whose image is 
captured every Gate Tirne Unit (GTU) which is 833 ns. The proposed base detector is the 
multianode photomultiplier (MAPMT) Hamamatsu R7600: the detection system is composed 
by a square matrix with 8x8 pixels, where each pixel is 2 mm wide. These MAPMTs are then 
organized in macrocells ofwith 6x6 pixels each, which make an array of3 .2x105 pixels on 
the foca! surface. As the focal surface will be curved, the packing of the detectors must be 
optimized to reduce losses in the geometrica! acceptance due to obvious dead regions in the 
surface (Shimizu, 2002). This problem will be re-considered in chapter III. 
Once the signals are captured by the detectors, the Front-End Electronics subsystem has the 
function of processing this information. The intensity of each event and its track across the 
foca! surface are memorized for transmission to the ground stations. Meanwhile, other 
e~ectronic components, belonging to the Contro! Electronics subsystem, manage the 
operati o n of the entire instrument such as, for example, the conversion of power provi d ed by 
the ISS into power needed for instrument operation and the contro! of instrument operating 
mode (Adams, 2002 EUSO CSR). 
The mechanical structure (probably Al metal matrìx) supports the two lenses and connects 
the optics structures to the aperture stop and the focal surface with the detectors, while 
maintaining relative alignment. This structure must be light and stable, with a thermal 
contro!. The use of baffi es to limit the effect of stray lìght, protectìng the payload from other 
light sources, is also under study. 
Connected to the EUSO experiment, an Atmosphere Monitoring device is needed, which 
provides in situ/real time knowledge of the properties of the atmosphere at the time of an 
EAS occurrence ( e.g. presence of clouds and their nature, transparency of the atmosphere 
layer, etc.) to correct for systematic errors in the measurement ofthe EAS parameters and for 
the instantaneous FOV (Adams, 2002 EUSO CSR). The AM design under study is a Lidar 
instrument operating around 3 50 nm, t o measure the scattering and attenuation of the 
atmosphere as a function of the altìtude and the directional Cherenkov lìght beam from the 
13 The Airy disk determines the system resolution. A f/1.25 system at A.=0.357 f.Ull has an Airy disk = 
1.09 f.Ull. 
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air showers. It is worth to say that most probably even EUSO itself will be ab le to provide a 
real time monitoring ofthe atmosphere. This is still under study, though. 
6. Summary and conclusions 
The problem of understanding the origin about the highest energy cosmic rays has been 
introduced. Specifically, it has been shown that many ground-based cosmic ray observatories 
have been working, and even nowadays bigger experiments are planned with the goal to 
detect more energetic rays so that the theories can find experimental verìfications with the 
increased statistics. However, as previously said, the collected samples will be still too few to 
clarify once forever the origin and composition of these cosrnic rays. So, space-based 
experiments must be considered: precursor of this new field of research will be EUSO 
mtSSlOD. 
This space telescope will be ab le to collect much more information about EECRs and also to 
develop the physics of 't neutrinos. In fact, ground air shower observatories or ground 
fluorescence detectors do not have this capability. Thanks to its forgiving resolution 
requirements, EUSO will be a new-conceived space telescope that will use a particular 
branch of refractive optics to image the fluorescence-light onto the focal surface: the Fresnel 
optics. The development of this wide angle, large aperture Fresnel lenses technology will be 
an achievement for the optical designers, since so far no such a big Fresnel lenses system has 
ever been deployed in space for these purposes. Starting from next chapter, optical designs 
and prototypes for EUSO will be indeed discussed. 
In conclusion, the future measurements about nature and arrivai direction of super -GZK 
events will be used to test the proposed theoretical explanations, in order to find out which 
ones are more consistent with the new collected information. 
If data will provi de some stronger evidence of a GZK cutoff and pileup from distant sources, 
o ne would expect to fin d some local sources of any kind. 
If neutrino horizontal atmospheric showers and emerging showers from neutrinos that pass 
through the Earth will be seen, Z-burst scenario will be probably implicated. Since the Z-
bursts are brief, the multiple events should be time ordered according to their energy. 
lf the signature will be similar to Z-bursts, but with a smaller accompanying neutrino flux, 
scientists will mainly concentrate on decays of supermassive particles or topological defects 
as reliable sources. 
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Furthennore, it is possible that intergalactic magnetic field is much stronger than generally 
believed; in such a case, charged particles would not point back to their sources, showing no 
clustering arrivai directions. 
If on the contrary there will not be evidence of neutrinos in the data, the absence of a real 
cutoff could suggest a breakdown in Lorentz invariance: one possible consequence would be 
that protons might survive much longer in the bath of CMB (Biermann, 2002). In this case, if 
the arrivai direction ofnuclear-based primaries is isotropic, the origin must be shifted beyond 
the cutoff limits. 
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CHAPTER III: 
WIDE ANGLE OPTICS DESIGNING 
l. Introduction 
Due to the configuration of the system under study, standard ray tracing can be used to work 
o n the basic imaging properties of Fresnel Ienses. The wave nature of light can be described 
by rays (orthogonal to the wavefronts) obeying a set of geometrica\ rules. Some lens design 
software packages have the ability to mode! these lenses, albeit these models tend to be rather 
simplicistic. Past analyses bave demonstrated that imaging with Fresnel lenses obeying ali 
the scientific requirements ofEUSO mission is feasible, although a significant percentage of 
light is lost due to stray light effects. 
This chapter begins describing the official configuration adopted for phase A, the "Strawman 
design" created by D. J. Lamb, whose aim is to show the feasibility of the design using 
Fresnel lenses respecting scientific requirements for phase A. A short discussion about an 
optical subsystem with a simplified version of Fresnel lenses is then presented, in arder to 
demonstrate the validity of the baseline design. Also, a seri es of computer simulations was 
run in arder to determine the sensitivity ofEUSO optical system to manufacturing tolerances, 
varying individuai parameters to see their influence on the image. Finally, last pages discuss 
more in detail the imaging process on the foca! surface, to better understand the interface 
between optics and focal surface subsystem. 
But before beginning the discussion about the official design, it is convenient to spend some 
words about the effectiveness ofthe commercially available software packages. 
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2. The lens design software codes 
The development of powerful optical design software has allowed a variety of new and 
complex designs to be valuated and exploited for commerciai and scientific use. 
What once was made by band and was costing weeks of efforts, nowadays can be calculated 
rather easily in much less ti me. New generation computers are allowing software packages of 
ali kinds to develop tremendously fast, so that scientists and engineers can use simulation 
techniques in an always more reliable manner. Some commercially available codes bave the 
capability to model also Fresnel lenses giving an imaging response; they introduced these 
subroutines because of the wide use of these lenses. Unfortunately these codes usually tend 
to be simplicistic and unrealistic for this case, since Fresnel lenses' main employment is not 
for imaging. However, the use of macro language provides a means of adding more realism 
into the process. 
Most of the software packages apply the ray tracing method, i.e. they create from a source a 
bunch of rays that impinge on the optical surfaces and behave according to the standard 
geometrica! laws. These codes define the normals to a surface in order to calculate the 
passing of the ray. Recalling that a curved Fresnel surface is characterized by a base 
curvature (the curvature that is "visible" in macr~ scale) and a prescription curvature (tbe one 
defining the optical power), the manuals sbow a ratber simplified working design (Fig. 3 .l): 
Fig. 3 .l. Idealized Fresnel Surface construction procedure: prescription curvature (left) and the 
resulting idealized curved Fresnel Surface (right). 
When a ray encounters this idealized Fresnel surface, it intersects the lens at a point in the 
space defined by the base shape, but it sees a surface normal as defined by the prescription 
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surface. The mode] of the surface is idealized in the sense that the surface profile does not 
bave any discontinuity, namely the norma) is redefined everywhere according to the 
prescription. Despite these simplifications, this model is useful for describing the image 
forming abilities ofthe Fresnellens system. This is only a theoreticallens; once obtained the 
imaging performances, next step would be to translate the configuration into a realistic one 
that can actually be manufactured. Unfortunately, it cannot be done with standard ray tracing 
lens design programs. 
Because of these considerations i t is straightforward that systems containing Fresnel surfaces 
do not maintain valid optical path difference (OPD) data. Therefore, when dealing with 
Fresnel lenses only image quality applications based upon transverse ray aberrations can be 
used in a reliable way for the analysis: for instance, spot diagrams, encircled energies and 
third order aberrations coefficients can be good means to calibrate the performances for 
optical systems as EUSO case. 
For this research, the standard ray tracing lens design software program that has been used to 
configure the optical system with Fresnel lenses is Code y® (by Optical Research 
Associates) (ORA, 2001). 
3. The optical specifications 
When designing an optical systern, optical scientists and engineers characterize it by means 
of some quantities. In particular, the Entrance Pupil Diameter (EPD) is the image of the 
Aperture Stop (AS) in the object space, namely this aperture as seen in front of the optics, 
and it represents the collection aperture of the incoming light. The Effective Foca] Length 
(EFL) is the focallength of the entire system, formed by elements with their own power. The 
Focal Number (f/#) is simply the ratio between the EFL and the EPD. A "fast" system is an 
instrument with a small f/number. This terminology comes from photographic usage, where a 
larger aperture allows a shorter exposure time to get the same quantity of energy on the film 
(Smith, 1990). As will be explained later, a small f/number is needed to contro] the 
dimensions of the focal surface. 
The Field of View (FOV) of a system is related to the soli d angle that the telescope can see: 
it is the collection of all the possible directions from distant light sources that can enter the 
optical system and can be imaged in the foca] surface. The incoming angles with respect to 
the opti ca l axis are hereafter called "fields". A bune h of parallel rays from a fie l d impinges 
the foca) surface within a eone of rays in a precise position, as will be explained in the next 
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pages (Fig. 3.2, where the eone is drawn only in 2-D). Usually the software codes optimize 
the optics by analyzing a discrete amount of fields, from on-axis up to the maximum allowed 
off-axis angle given by the FOV. 
The instrument specifications for EUSO optical subsystem are summarized in Tab. 3.1 . They 
originate from the scientific requirements. 
Parameter Required value 
Entrance Pupil Diameter (EPD) 2: 1.9 m 
Focal Number f/# :::; 1.25 
Full-ang1e Fie1d ofView (FOV) 600 
Angular Reso1ution (9res) O .lo 
Design Wavelengths 337, 357, 391 nm 
Tab. 3.1. Optical requirements for EUSO optical subsystem. 
The system requires a small f/number because the foca} surface must be as small as possible. 
The relationship between this parameter and the detector size passes through the definition of 
the Etendue. 
Etendue is a purely geometrica) quantity that defines the flux gathering and transmitting 
capabilities of an optical system. The detailed definition can be found in literature (Boyd, 
1983), but it is roughly given by the equation: E = n2 A n, where n represents the solid angle 
associated with a given surface A. For the Entrance Pupil and the detector, it is: 
n EP = Sin ---. 
2(1 FOV ) 
2 2 , 
(3 .1) 
(3 .2) 
where e is the half angle of the eone of illumination and is approximately related to the 
f/number by the relation: 
l 
notan8 = --
2/ /#' 
valid with very distant objects (Smith, 1990). 
(3 .3) 
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A very important feature of Etendue is that if the optical system is lossless (i.e. light is not 
absorbed or lost by vignetting), then this quantity is an invariant of the system (Hil/man, 
200la). Therefore, with these assumptions on the Etendue, comparing (3.2) to (3.1) and 
substituting (3 .3) in (3 .2) give the relation: 
• 2 (1 FOV ) 
sm 2- 2 (nEP J2 
sin 2 [..!_ tan - I (_!!!2.__JJ ;;;; 
2 2f /# 
(3 .4) 
From (3.4), while maintaining constant the other parameters, a bigger fìnumber results in a 
bigger detector area (Lamb, 1998c). 
4. The Strawman design 
The official baseline design for phase A (the "Strawman design") is formed by a couple of 
double-sided curved Fresnel lenses. Just to recall, this means that both surfaces of each lens 
are Fresnel surfaces, all defined upon some curvature. Once more, this is the best kind of 
design that allows achieving the scientific goals while maintaining a small number of 
elements, an essential point for space applications. 1t was indeed demonstrated (Lamb, 1999) 
that a single Fresnel lens could not attain performances as good as for a system of two 
Fresnel lenses with the same instrument requirements; on the other side, the same results 
could ha ve been obtained with a more complex system of many refractive elements, with the 
drawback of weight, absorption and the increased malfunction risks in space. 
l t is now worth to spend some time for a brief discussion about the mathematical aspects that 
define a Fresnel surface. From now on the considered coordinate system has z-axis on the 
system's optical axis pointing towards the Focal Surface, y-axis on the sheet pointing 
upwards and x-axis entering the sheet (ORA, 2001). As previously said, a curved Fresnel 
surface may be identified through a base curvature and a prescription curvature. The first one 
is usually spherical, while the latter is mostly an aspheric. This happens in order to have more 
degrees of freedom to play with, so that the aberration contributions can be managed in a 
more effective way. An important feature of whatever surface is the SAG, defined as the 
deviation of the surface from the p lane that is tangent to it on the optical axis with respect to 
the height. Therefore the SAG is measured on z-axis. It is a useful quantity because usually 
43 
in optical shops the radius of curvature is verified by measuring the SAG with a spherometer. 
Mathematically, considering a spherical surface (a part of circumference on the paper) and its 
radius R with the vertex lying on z-axis (as for the base curvature in EUSO optics), at the 
height y from the optical axis the SAG is given by: 
Taking the binomia] expansion and keeping the first two terms, the SAG reduces to: 
., 
SAG~L . 
2R 
This is a good approximation for the calculation ofthis quantity (Geary, 2002). 
(3 .5) 
(3.6) 
The representation of the SAG for an aspheric surface is more complex; however, it is 
usually approximated by the tenth order even aspheric polynomial (Chen, 1983; ORA 2001): 
where: z 
c 
h 
k 
is the SAG; 
is the curvature at the pole of the surface; 
such that h2 = x2 + y2 ; 
is the conic coefficient (k = - e2 , where e is the eccentricity) and 
k > O - oblate spheroid (not a conic section) 
k = O - sphere 
-1 < k < O - eUipsoid with major axis on the optical axis 
k = -1 - paraboloid 
k < -1 - hyperboloid 
(3 .7) 
The first part of (3 . 7) gives the coni c shape ( depending o n the value of k), w h ile the 
additional terms represent the aspheric deviations. The curvature defines ali the first order 
properties of the focal surface such as its focal length and magnification, while the aspheric 
terms do not contribute. Instead, aspheric terms and conic coefficient help reducing the 
aberrations associated with the prescription surface, providing additional degrees of freedom 
for the optimization of the system. 
A realistic curved Fresnel surface is an ensemble of small facets, representing ali together the 
aspheric prescription surface, on a spherical substrate. A way to think about a rea! Fresnel 
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surface is to imagine the whole prescription aspheric surface, shifted on tbe Fresnel surface 
until it fits a facet. This procedure is repeated for each groove (Chen, 1983). If tbe Fresnel 
surface is al so curved, one can ima gin e the optical effect of the base curvature with a bigger 
shift of the prescription surface. Tbe bending of the lens is an action taken in order to ha ve a 
stronger control on aberrations such as spherical aberration. However, as already pointed out 
in tbe description of the software codes, for mathematical convenience tbe grooves are 
treated as if tbey were infinitely narrow and the effects of diffraction are ignored (Chen, 
1983). Easy computer programming steps (even witb Microsoft™ Excel) can determine tbe 
number of grooves eitber witb fixed facet widtb or fixed facet heigbt with the knowledge of 
prescription and base curvatures (see appendix B for furtber details). 
Tbe official design is here reported as an output from Code y® software. Created by D. J. 
Lamb and K. Pitalo at UAH, it is a result of an optimization only for monochromatic light (at 
'A= 357 nm) and for polymethalmetbacrylate (P.M:MA) material. A more detailed discussion 
about the plastic' s features will be given in Chapter V. This choice for the baseline design 
was taken because PMMA is easy to mold and cut, as was demonstrated with some 
prototypes built a few years ago and again this year (appendix A), albeit the dispersion on 
EUSO working waveband is very high. This is the reason why the baseline design is 
configured to work properly only in tbe centrai N2 working wavelength. 
For tbe optimization, the FOV bas been sampled witb the typical field angles 0°, l 0°, 20°, 
25°, 30°, altbougb this does not mean tbat even ali the other intermediate fields are well 
optimized. Only positive angles bave been taken into consideration, due to tbe rotational 
symmetry of tbe system. In Fig. 3.2 tbese fields are drawn (light is coming from left, the 
object is assumed to be located at infinite distance ), together with the system composed by 
two Fresnellenses, the aperture stop in between and the foca] surface at the end. Tbe fields 
are bere represented by chief ray1 and upper and lower marginai rays tbat define the 
maximum aperture of the bundles of rays also due to vignetting. Tbe whole design is 
constrained not to exceed 2 .5 m diameter, because of tbe dimensions of the Shuttle cargo 
bay. Tbe main parameters of this configuration are instead presented in Tab. 3.2. These are 
divided in pbysical (thickness, diameters and distances) and optical data (curvatures, aspberic 
coefficients, etc.). As already said, it was decided not to disclose ali tbe parameters defining 
tbe system. 
1 The chief ray is defined as the ray passing through the center ofthe entrance pupil. 
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Fig . 3.2. The Strawman design. 
EUSO CURVED FRESNEL DOUBLET (PMMA} 
F/# = 1.258 
PHYSICAL P ARAMETERS OPTICAL 
(m m) PARAMETERS (mm) 
DIAMETER 
ENTRANCE PUPIL 1900.00 
OVERALL LENGTH- Front 
of Lens l to Focal Surface 3625.01 
DIST ANCE - Back of Leos 2 
to Focal Surface 1795.31 
AXIAL THICKNESS -
Lens l , Leos 2 20,20 
DIAMETER BASE 
l ST FRESNEL LENS 2486.15 RADIUS +4098.36 
DIAMETER BASE 
2ND FRESNEL LENS 2500.00 RADIUS -2557.54 
DIAMETERSTOP 1830.30 
DIAMETER VERTEX RADIUS -2238.32 
FOCALPLANE 2250.00 
CONICCNST +2.476898 
IDGHERORDER A = -0.615049E-09 
ASPHERIC CNST B = +0.178705E-14 
C = -0.179293E-20 
D = +0.619626E-27 
Tab. 3.2. The main parameters ofthe Strawman design. 
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On T ab. 3.2 the base radius of front lens is set with a positive value, while the one of the 
second lens as well as the vertex radius of focal piane are negative: this is a consequence of 
the ray tracing conventions, and denote the convexity direction of the three elements, as is 
visible in Fig. 3.2. Also the foca] surface is represented by an asphere: the reason will be 
explained in the following discussion. 
In the absence of diffraction effects, if the source were a point a perfect opti ca l system would 
produce a point image in the focal surface. On the contrary, the quality of a non diffraction-
limited real optical system is determined by the residua! combination of aberrations that form 
a blur on the image surface. 
Since diffraction effects may be neglected (Lamb, 1999), the configurations' performances 
are shown through Spot Dimensions and Encircled Energy data. Spot Diagrams show the 
geometrica] structure of the image, providing a visual representation of the energy 
distribution of an object's image (Malacara, 1994). They are generated by tracing a grid of 
rays evenly spaced on the Entrance Pupil for every field angle; the resulting distribution on 
the real image space is then plotted at a suitable scale. Together with the spot diagrams, a set 
of RMS Spot Diameter data is produced that gives an idea of the blurs' dimensions. This 
numbers are computed for each field as twice the square root of the mean squared spot radius 
(i : 
cr' ~ J;[(x" - ~)' +"-Y)'] 
N 
(3 .8) 
where the reference for the calculation of the image size is the centroid with x and y ; t ben, 
N is the number of traced rays and n is a generi c ray. This formula is val id only in the case of 
a single wavelength, as for the baseline configuration (ORA, 2001). 
In isotropic media, ray bundles can be constructed in which the density of rays is 
proportional to the density of energy (Sa/eh, 1991). With this assumption, starting from the 
distribution of rays forming the spot it is possible to define another useful quantity: the 
Encircled Energy (EE). A set ofthese data refers to a percentage of energy (i.e. a portion of 
the blur) that is included within the circle of diameter given by this number. The center of 
each circle is scanned in both dimensions to minimize tbe diameter (with a consequent 
different circle center) (ORA, 2001). This "one-dimensional" output is useful especially when 
dealing with the pixel size optimization. The 80% - 90% EE is enough to characterize the 
47 
performances with this method. Figs. 3.3 & 3.4 depict the Spot Diagram and the Encircled 
Energy percentages for Strawman design. 
FIELD 
POSI TIO 
0 . 00, 1.00 
0 . 000 , 30.00 D 
o.oo , 0 .81 
0.000, 25.00 
0 . 00, 0.63 
0.000, 20.00 
0 . 00, 0.31 
0 . 000,10.00 
o.oo, o. oo 
0 . 000, 0.000 
. . . . . . 
DEFOCUSING o. ooooo 
6 . 00 HM 
EUSO:f/1.25 Monochromat ic Double Fresnel 
Fig. 3.3. The Spot Diagram for the Strawman design. The scale is reproduced in the lower-right 
corner ofthe figure. 
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Fig. 3.4. The Encircled Energy plots for the Strawrnan design. 
The plot of encircled energy depicted in Fig. 3.4 represents all the encircling diameters for a 
discrete set between 00/o and 1000/o (vertical scale) and for every field used in the design. This 
figure gives important hints about the behavior of the system by observing tbe course of tbe 
increasing diameters for each field and by comparing the slopes of the curves among the 
fields. Since this output relies on the tracing of grids of rays, too, there is a direct connection 
witb the distribution of rays in the spot diagram (Fig. 3.3). In particular, it is evident that 
especially the curve representing the on-axis field is steeper tban the others. Checking also 
the Spot Diagram, this means that the encircling energy diameters slowly widen up with an 
increase of percentage energy, sin ce the bur is more compact than for the other cases. 
Tbe shape of the Spot Diagram is the result of a combination of different aberrations. No 
chromatic aberration is present here, due to the fact that the design is monochromatic. The 
third-order aberrations (also called Siedel aberrations) are the following: spherical aberration, 
coma, astigmatism, field curvature and distortion. Furthermore, Fresnel lenses are affected 
also by another coma contribution, called "linear coma" (De/ano, 1974; Malacara, 1994). Of 
the five Siedel aberrations, only spherical aberration is axial; coma, astigmatism, field 
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curvature and distortion are ali off-axis aberrations (Rutten, 1989). Therefore, within the 
FOV the on-ax:is image is usually the best. The optimization technique has to handle all the 
aberration contributions for ali the specified fields, balancing their effects and finding the 
best combination of minimum size blurs. This implies that the quality of the on-axis image 
must often be sacrificed to provide better image quality to the other off-axis fields until the 
resolution specifications are met aH over the sampled FOV. It also happens that the 
resolution constrains demand to consider an aspherical foca] surface that, in theory, should 
follo w as cio se as possible the path of the best image spots. With this action some aberrations 
such as the field curvature can be reduced. Controlling contemporarily ali the aberration 
sources is therefore difficult. 
In Fig. 3.3 the effects ofthe aberrations that are present in Strawman design are evident from 
the shape of the spots. Images are blurred especially in vertical direction due to the choice of 
imaging vertical fields; the same shape, tilted horizontally, would bave been obtained if 
horizontal fields (i.e. along x axis) had chosen. In off-axis fields, the warped images are 
essentially due to coma contribution, which is dominant together with astigmatism, and 
results in this vertical stretcbing. Instead, at 0° field the blurring is essentially due to 
spherical aberration. It would be possible to add al so some defocus, although it is not the case 
for this evaluation (see Fig. 3.3, where defocusing is set to zero). This contribute is not an 
aberration in the strict sense, but is added when the optimization process shifts the image 
surface from its paraxial location, producing an on-axis blurring for eventual off-axis 
improvements. 
In the figure the effect of distortion is not evident: this is an aberration that affects only the 
position of the blur on the focal surface, not the dimensions. The plot of distorti o n is shown 
as a percentage vs. field angle (Fig. 3.5); the percent distortion is defined as (ORA, 2001): 
n ~ [y·; :')x I~/o, (3 .9) 
where r stands for real ( distorted) chief ray and p for paraxial chief ray. 
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Fig. 3.5. The astigmatic and distortion plots for the Strawman design. 
From this curve it is possible to evince that the Strawman design is affected by the so-called 
"barre]" distortion: in practice, it introduces a radiai offset whose effect is to piace the real 
positions of the spots in a lower position than their paraxial one (indeed the percentages are 
negative) (Geary, 2002). Its effect is proportional to the field: spots ofbigger fields are bent 
more than those of small ones, and the image surface gets shrunk. For this configuration the 
maximum distortion value, at 30° off-axis, is -12.55%. In fact, the diameter of the focal 
surface, reported in Tab. 3.2 to be 2250 mm, would be far bigger in the paraxial 
approximation (around 2760 mm), with the realistic risk to exceed tbe maximum allowable 
dimensions for the system (i.e. 2500 mm). So, until a certain amount, the barre] distortion is 
useful. 
The same figure shows al so a plot about tangential ( dotted l in e) an d sagittal astigmatic fie l d 
curves, wbose effect is anyways included in the spot diagram. The figure plots tbe x-focus 
and the y-focus across the field, from on-axis up to 30°. These curves are a traditional tool of 
the lens designer for characterizing lenses and determining if regions of the fields are not 
being adequately represented in optimization (ORA, 200 1). 
For phase A, it has been established that tbe minimum requirement for Science must be 
achieved with a monochromatic PMMA design ( which corresponds to the originai baseline 
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idea), with 0.1 o RMS spot diameters for 357 nm (and several times ofthat for 337 or 391 nm, 
because ofthe material ' s dispersion) (Adams, 2002 EUSO CSR; Takahashi, 2002a). The data 
of RMS spot diameters and Encircled Energy performances for Strawman design are bere 
presented (T ab. 3 .3). In the same table, a colurnn is devoted to the compari so n of the spot 
size in encircled energy size: specifically, an approximate energy fraction whose related 
encircling diameter corresponds to the RMS data was found. Another column lists the same 
RMS data in terms of the angular resolution, in order to mach more accurately the Strawman 
design' s output with the mission requirements. These data are obtained also through tbe 
knowledge ofthe effective focallength ofthe instrument. 
Field 
RMS Spot Corresponding Angolar Encircled Energy (mm) 
Diameters (mm) %EE(mm) resolution (80% l 90% l 100%) 
o o 2.88 58% 0.07° 4.21 l 4.64 / 4.68 
100 3.60 70% 0.09° 4.57 l 5.65 l 6.69 
20° 4.58 69% O.ll0 5.64 l 6.85 / 9.17 
25° 3.62 70% 0.09° 4.14 1 5.19 / 8.54 
30° 2.91 75% 0.07° 3.16 l 4.52/8.67 
Tab. 3.3. RMS Spot Diameters and Encircled Energies for the Strawman configuration. The two 
centrai columns are calculated from the spot diameters data. 
The shape ofthe spot does not maintain tbe same symmetry for x- and y-axis, especially for 
off-axis fields; however, EE and RMS data model the blur as if it were a gaussian, gjving a 2-
D symmetrical estimation. In reality it is a very rough gaussian, because of aberrations. With 
these protocols, the information about the real shapes is somehow lost, and one must rely on 
the Spot Diagrams. Usually, focal piane scientists tend to prefer the EE output, which is more 
closely related to the best choice for the dimensions of the pixels. It is very important, 
though, to sample eacb "optical" spot with more than one pixel, in order to get reliable 
centroid information. It is customary to use tbe 80% - 90% EE data as a good approximation 
for the optimum pixel size: tbis is in fact the output presented in the tables. Instead, for this 
configuration the RMS spot diameter data correspond to an EE range that varies from 58% 
(at 0°) to 75% (at 30°). In the otber fields a RMS is around 70%. This is a clear evidence of 
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the rough gaussian approximation of the blur, since in a perfect gaussian the relationship 
between these two values would be fixed. 
Having a look at the spot dimensions for Strawman design (Tab. 3.3), a visible feature is the 
increase around the middle off-axis fields, associated witb a lost of resolution tbat slightly 
misses the scientific and instrumental requirements of ~ 4 mm size (or alternatively 0.1° 
angular resolution), as could be envisaged through tbe astigmatic curves of Fig. 3.5. On tbe 
other side, at the boundaries of FOV tbe spot is too small. This floating of resolutions within 
the FOV is counterproductive fora good track reconstruction. In tbe next designs the main 
goal will be to obtain acceptable resolution within ali tbe system' s fields. 
Once more, tbe output presented with Code y® software does not represent the rea) 
performances of the configuration, had to be built according to this design. A real optical 
system with Fresnel lenses has to face tbe ligbt loss due to tbe presence of back-cuts, 
resulting in a further reduction of resolution. 
5. The 3-Fresnel surfaces configuration 
The performances of two systems characterized by only three Fresnel surfaces are bere 
presented. Tbe purpose is to determine tbe influence of a missing Fresnel surface on the 
overall performances, so tbat it will be clear tbat the best configuration meeting EUSO 
scientific requirements must be thougbt with two curved double-sided Fresnellenses (that is, 
a set of four Fresnel surfaces). Tbe idea is simple: getting rid of some degrees of freedom 
reduces the ability to tame the aberrations. 
Two designs were created and optimized, the first without the first Fresnel surface, tbe latter 
without the last (i.e. tbe one facing the focal surface) (Zuccaro, 2002b). In both cases the 
surface is replaced witb an ordinary one wbose curvature is equal to tbe base curvature oftbe 
lens, in order to maintain a constant thickness over the entire aperture. Since in tbe baseline 
design the prescription curvatures of tbe first and last surfaces bave tbe same sign as the base 
curvatures of the two lenses respectively2, tbe elimination of eitber of these surfaces should 
cause the smallest cbanges in the design. 
These "simplified" layouts were tben optimized to their best performances. The results are in 
Tab. 3.4 and in Tab. 3.5. The configuration layout, togetber with the Spot Diameters and 
Encircled Energy, are depicted in Fig. 3. 6 for the first case and in Fig. 3. 7 for tbe second one. 
2 Prescription curvatures data are not reported in Tab. 3.2, for the reasons explained in chapter I. 
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Field 
RMS Spot Diameter (*) 90% Encircled Energy (*) 
(m m) (m m) (m m) (m m) 
(1' 4.69 2.88 5.76 4.64 
10° 6.66 3.60 7.90 5.65 
20° 9 .95 4.58 12.15 6.85 
25° 9.58 3.62 14.05 5.19 
30° 11 .26 2.91 16.82 4.52 
Tab. 3.4. Optimized performances of system without the last Fresne1 surface. (*): vs. same measure 
for all 4 doubie sided curved Fresnei surfaces case (Strawman design). 
Field 
RMS Spot Diameter (*) 90% Encircled Energy (*) 
(m m) (m m) (m m) (m m) 
o o 6.64 2.88 13.64 4.64 
100 10.60 3.60 14.86 5.65 
20° 10.80 4.58 15.94 6.85 
25° 11.74 3.62 18.28 5.19 
3{1' 12.42 2.91 18.36 4.52 
Tab. 3.5. Optirnized performances ofsystem without the fust Fresnei surface. (*): vs. same measure 
for all 4 doub1e sided curved Fresnel surfaces case (Strawman design). 
Some details about these designs are reported in appendix C. lt is evident how much the 
performances for both cases drastically worsen, and the resolution requirements are not 
respected any longer for any field: the Strawman design is hence very sensitive. 
In conclusion, it has been demonstrated in a semi-quantitative way that a design for EUSO 
telescope based on the conception of Fresnel lenses that is not configured with Fresnel 
surfaces on both the curved lenses is not able to contro) all the huge amount of aberrations. 
The only other means to meet these scientific requirements would be to consider a very 
compi ex system of many refractive elements, as already stated. 
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Fig. 3.6a. The Fresnellenses configuration without the last Fresnel surface. 
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Fig. 3.7a_ The Fresnellenses configuration without the first Fresnel surface. 
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Fig. 3.7b. Spot Diameters and Encircled Energy for the Fresnel Lenses configuration without the first 
Fresnel surface. 
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6. The tolerance analysis 
The simulated system, whether built via ray tracing codes such as Code y® or via some other 
codes that consider al so stray light effects, cannot foresee the manufacturing problems of the 
real system that the constructors ha ve to face. F or instance, the machinery can ha ve some 
systematic fabrication errors that deteriorate the fina] performances of the optics. However, 
computer programs can be helpful to prevent future problems by simulating the behavior of 
the overall configuration in presence of some of these contingencies. The accuracy of the 
scientist is in figuring out the possible errors and in understanding, from the outputs, which 
ones are the most dangerous and how to avoid them. 
An optical system with two large double-sided curved Fresnel lenses is suitable to undergo 
many of these risks. Every time a parameter is added in arder to allow reaching a less fuzzy 
set of spots, a new hazard in the manufacture is included, too. 
Care was used in deciding which factors are the most dangerous and in defining the amount 
of deviations of the single parameters with respect to their nominai values. Then, delicate 
analyses were perforrned with the help of the same computer software used to build the 
baseline design. In practice, for each analysis only one variable was allowed to take a value 
that differs from the nominai one by some fixed amounts: each set of spots in the FOV is 
therefore influenced by the variati an of a single parameter. With this work, scientists can be 
aware ofthe major risks for fabrication, although in theory this is only a preliminary study: in 
fact, very easily a worsening in performances after manufacturing originates from a complex 
set of causes happening together. As an example, it can happen that contemporarily both 
prescription radii of the surfaces of the same Fresnel lens are badly defined. However, the 
following performance analysis of the manufacturing tolerances limits itself to the 
consideration of the consequences of errors o n o ne parameter at the ti me. 
The study of perforrnances was carried out by considering parameters related to the single 
lenses, to the focal surface and the ones that link the whole structure. The specifications are 
presented in Tab. 3.6, the complete layout output is instead shown in appendix C. The 
variation effects were calculated for different entities, expressed as relative errors 
(percentages) of the nominai value as far as curva tures, thicknesses an d refraction in d ex are 
concerned; as absolute errors for tilts and decenters. The refraction index was contemplated 
also with regard to changes due to temperature (with a function typical for PMMA). In fact, 
the environment in which EUSO will be located does not maintain a constant temperature, 
and this affects ali the optics and the structure. Moreover, last lens will be irradiated by the 
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electronics of the focal surface, so it will be on average warmer than the first one, which 
looks towards the Earth' s atmosphere. 
LENS l SPECIFICA TIONS 
Prescription radius mismatch 
surface l (7039.42 ± 0.01%...;-2%) mm 
surface 2 (-8699.03 ± 0.01%...;-2%) mm 
Fresnel base curvature (4098.36 ± 0.01%...;-2%) mm 
Lens thickness (20 ± 0.5%...;-10%) mm 
Refractive index 1.5255 ± 0.01%...;-2% 
Refr. index cbange with temperature 1.5255 ± 0.575 x (l0.5x10-)/0 C) 
surface l in x direction J ...;- 10 mm 
Decenter 
surface l in y direction l + lO mm 
surface 2 in x direction l -;- lO mm 
surface 2 in y direction l + 10mm 
Wedge front surface 0.1 + 5mrad 
LENS 2 SPECIFICATIONS 
Prescription radius mismatch surface l 
(2323 .67 ± 0.01%+2%) mm 
surface 2 (-3533 .09 ± 0.01%+2%) mm 
Fresnel base curvature (-2557.54 ± 0.01%+2%) mm 
Lens thickness (20 ± 0.5%+10%) mm 
Refractive index 1.5255 ± O.OJ%...;-2% 
Refr. index change with temperature 1.5255 ± 0.5+5 x (10.5x10-:~;oq 
surface l in x direction l + IOmm 
Decenter surface l in y direction 
l + 10mm 
surface 2 in x direction l + 10mm 
surface 2 in y direction l + lOmm 
Wedge front surface 0 .1 ...;- 5 mrad 
FOCAL SURFACE SPECIFICATIONS 
Base curvature (-2238.32 ± 0.01%+2%) mm 
in x direction l ...;- lO mm 
Displacement in y direction l -;- IO rom 
in z direction J ...;- JOmm 
SYSTEM SPECIFICA TIONS 
displacement in x 1 ...;- 10 mm 
Lens l displacement in y l + lOmm 
displacernent in z l ...;- JO mm 
displacernent in x l ...;- IO mm 
Lens 2 displacement in y 1 + 10mrn 
displacernent in z 1 ...;- JOmrn 
Tilt Jens l to lens 2 in x direction 0.1 + 5 mrad 
in y direction 0.1 ...;- 5 mrad 
Tilt lens 2 to lens l in x direction 0.1 + 5 rnrad 
in y direction 0.1 + 5 mrad 
Tab. 3.6 . The tolerances parameters discussed in this analysis. The considered variations ranged 
between the written values. 
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Obviously, for all the tolerances plus and minus variations were calculated, starting from 
small values up to big errors. Indeed, the manufacturing risk of errors strongly depends on 
the fabrication procedures and o n the complexity of the system to be fabricated. 
For this analysis the performance comparisons are presented only with RMS spot sizes, 
compared with the respective nominai values. 
Tbe effects of some of these tolerances do not blur the spots too much, namely the 
requirements' limits are stili respected (see Tabs. C.3 through C.6 in appendix C); hence a 
small change in value of these parameters taken one by one yields an acceptable output. 
However, what is worrying is the huge sensitivity ofthe system to small changes of some of 
these factors. Specifically, the prescription radius rnismatch for both lenses is acceptable 
within 0.5% variation; the decenters of one surface with respect to the other one are badly 
tolerated if the shift exceeds ±5 mm in both directions; the same happens for the second 
surface of the second lens. The refraction index variation is admitted within 0.1% of the 
nominai value; above, the performances greatly worsen for both lenses. It is also worth to 
notice that the variations in this parameter are more harrnful in the second lens for the final 
output. Instead the change of n due to temperature does not impact very much in either lens 
for small ~t. The base curvature of the foca! surface is significantly affected only over ±l% 
change; its displacement on the optical axis blurs for shifts bigger than ±5%. In any case, the 
overall structure seems fairly stable: big worsening is due essentially for the highest 
displacements considered, i.e. ±10 rnm. In conclusion, it seems that what affects the 
performances the most is the variation on PMMA refractive index: for small percentages the 
spots terribly blur. This rneans that the fabrication procedure of the lens is not allowed to 
rnake big mistakes when dealing especially with this variable. 
7. Rays' angle distributions 
The foca! piane scientists identified some possible layouts for the focal surface. For example, 
ali the rnacrocells, forrned by an arnount of multianode photomultipliers (MAPMT), can be 
arranged to be locally tangent to the aspheric focal surface. In this case, the packing of tbe 
devices has to be optirnized to reduce losses in the geometrica} acceptance of the overall 
electronic systern, due to dead regions between the dose packed devices. A modular 
structure is therefore preferred: elernentary modules, fonned by few MAPMTs, could be 
either ali of the same size ali over the foca] surface or smaller in the center, in order to ha ve a 
better fitting of the surface. Another possible solution for the foca l surface layout is a design 
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where aH the photomultiplier tubes are packed closely, parallel one another and to the optical 
axis, and positioned along the aspheric foca! surface (Shimizu, 2002). No geometrica! dead 
regions would be present, allowing a sampling of the entire focal surface; however, this 
layout would have difficulties in closely following the surface shape produced by the 
optimization of the optics and the optimum pixel size could not completely rely on the spot 
size, since for far off-axis fields the effective pixel dimension along the foca! surface norma! 
is far less than on axis. Moreover, there would be the risk of shadows on the single elements 
because of the neighbors when viewing the light impinging upon them. 
In ray tracing programs, each ray can represent the path of a photon. Therefore, the simulated 
spot can be thought as a discrete distribution of photons striking the foca) surface. Each ray 
reaches its image with a definite angle and unique path, following the refraction laws 
throughout the optical system. Energy losses through the optics are ignored. So, the spot 
diagram provides informati o n about the distribution of the photons around a centroid due to 
aberrations for each field, but it does not give any detail about the "inclination" of this 
distribution when reaching the image surface. This aspect is important for focal p lane people, 
who ha ve to bui! d a detection system ab le to collect alt the light arriving from the optics. 
The Strawman design, baseline design for phase A, has been used (once more) to test the 
behavior oflight impinging on the focal surface shaped by the optical optimization (Zuccaro, 
2002a). In the analysis this surface was sampled with steps of 10 cm on the y-z piane (i.e. 
fields that hit the image surface every 10 cm were utilized from on-axis up to 30° off-axis) 
(Fig. 3 .8). For each field, a uniform distribution made of a lot of parallel rays passing through 
the entrance pupil was defined (see as an example Fig. 3.9 related to field 14.5°). Then, with 
the use of some home-made Code y® macros, some features of the rays' paths were 
extracted, such as their identification (intersection point in the EP), their position and 
incidence angle on the image surface. Unfortunately, the incidence angle data refer in 
absolute value to the local norma! to the image surface, so the knowledge is limited to the 
distribution of these angles: no information is given for azimuthal position around the 
norma!. However, it can be sufficient to understand how the rays are disposed on the 
intersection with the focal surface. Data for the principal rays for each field are reported in 
Tab. 3. 7. Ali the other rays are included within these boundaries. 
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u : .2:0 10t 
EUSO: f/1. 25 MonochroJ:Datic Oouble Fresnel scale: 0.05 DJL 01- NOY- 01 
Fig. 3.8. The sampling of the Foca! Surface with the above-mentioned fields (each eone of rays 
impinges the surface IO mm away from the neighbours). 
Field Fie l d Chiefray U marg. L marg. L sag. Rsag. 
# (o) e> Ray e) Ray (
0
) Ray (0 ) Raye) 
l o o 23.19 23.19 23 .19 23.19 
2 2.4 1.26 24.39 21.98 23 .22 23.22 
3 4.82 3.24 26.31 20.02 23.41 23.41 
4 7.24 5.99 29.01 17.30 23.92 23 .92 
5 9.67 8.75 31 .70 14.68 24.73 24.73 
6 12.09 10.46 33.25 13.18 25 .37 25 .37 
7 14.53 10.65 33.22 13.17 25.50 25.50 
8 17.01 9.95 32.33 13.96 25.32 25 .32 
9 19.55 10.27 32.43 13.55 25.50 25.50 
10 22.12 13.71 35.39 10.00 26.85 26.85 
11 24.71 19.3 1 40.54 4 .55 29.52 29.52 
12 27.3 21.67 41.99 1.85 30.69 30.69 
13 30 10.32 28.70 13.69 26.04 26.04 
Tab. 3.7. The incidence angles for the principal rays for every studied field. 
Despite the compiexity of 3-D case, an anaiysis on a subset in two dimensions (i. e. the rays 
lying on y-z piane) provides more insights. As an example, in Fig. 3.10 the 2-D uniform 
distribution of rays again for 14.5° off-axis angle is shown, and the finai distribution plot of 
the incidence angles on the focal surface is reproduced in Fig. 3 .11 . Chief, upper and Iower 
marginai rays are drawn in red. As is visibie, the chief ray never impinges the surface 
normally (exciuding the on-axis case); moreover, the rays' angles are not equaliy divided on 
both sides of the chief ray angle (for ali the graphics, refer to appendix C). Therefore the 
cones of rays (even the 3-D ones) impinge the surface inclined with respect to the Iocai 
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normal, and the incidence angles' difference with the normal vary between 0° and 42° (at the 
27.3° field) : if the second layout for detectors will be chosen, because of the positioning of 
the pixels these distributions will result even more inclined, yielding possible problems to the 
detectors' technology which should deal with these big incidence angles of light upon the 
pixel window (Shimizu, 2002). 
568.18 MM 
EUSO : f/1. 25 Monochromatic Double Fresnel Scale: D. 04 DJL 28-Har-D2 ' 
Fig. 3.9. Uniform distribution of rays forming the spot for 14.5° field. In read are the upper and Iower 
marginai and left and right sagittal rays. 
471.70 MM 
E:USO : f/1.25 Monochromatic Double Fresnel scale : O. D!> DJL 30-0ct-Dl 
Fig. 3.10. The same distribution for 14.5° field, in 2-D. The centrai red ray is the chiefray, the other 
two red rays are the upper and lower marginai rays. 
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lncidence angles distribution for 14.53° off-axis field 
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Fig. 3 .11 . Distribution plot of the incidence ang1es for 14.5° fie l d. The centrai red spot is the chief ray, 
the two lateral red spots are the upper and lower marginai rays. 
8. Conclusions 
This chapter wants to introduce the official baseline design for EUSO phase A, the Strawman 
design. The importance of the structure of this configuration lies on the effectiveness of the 
double-sided curved Fresnel Lens system, providing wide angle-large aperture optics and 
achieving EUSO science requirements. The layout was elaborated via Code y® software, 
which allows imaging optimizations, but without considering light losses due to back-cuts. 
Hence the model this software uses is rather idealized, although it gives reliable data that 
later must be anyways processed in a more complex and realistic manner, with the use of 
other simulation computer programs. The last step will be to build prototypes based upon 
these prescriptions. 
This big amount of variables in the design is needed to tame the aberrations that would 
otherwise destroy the image. It is demonstrated with a couple of examples that no other 
easier configurations (as for instance a 3-Fresnel surfaces system) can reach the same 
performances, respecting the instrument requirements. In any case, the output is provided via 
RMS diameter of the blur o n the i m age surface an d via percentages of encircled energy from 
the same blur. Although these data give a not always existing symmetry on the blur (and so, 
strictly speaking, they do not represent the spot), they are stili a fair approximation and can 
be used to compare the performances. 
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As said before, the idealized model built with the ray tracing software is the first important 
step towards a more complete analysis of the system. But before proceeding with realistic 
models that can simulate also light losses, this code can stili be exploited to see the overall 
sensitivity on the imaging quality of the system to some tolerances on the construction 
parameters. This analysis is limited to the study of one effect at the time, but it helps 
understanding which factors are the most sensitive. It carne out that great care must be put 
especially in the definition of the index of refraction, mostly for the second lens. The other 
factors, such as decenters, tilts and radii mismatches, are dangerous only for fairly big 
variations from their nominai values. 
The detector layout on the focal surface is closely related to the optics. Indeed, it is the 
optimization of the optical subsystem that defines the shape of this surface; then, the 
electronics has to follow it as close as possible. Different options have been thought for the 
disposition and size of the photomultipliers o n the surface. The fin al decision depends o n the 
spot dimensions that optics can provide and also on the behavior of the light rays when 
impinging o n the foca] surface. So, a study about the distribution of incidence angles must be 
provided to the foca] piane scientists. Both 2-D and 3-D analyses were conducted, and some 
results are shown in this chapter. Essentially, the cones of rays, representing the photons 
arriving on the image surface from any field angle, form the spots with an inclined path with 
respect to the local normal of the surface. This inclination must be tak.en into consideration in 
order to bave the most efficient foca) surface design. 
In conclusion, this chapter has basically introduced and analyzed a frrst official version of 
EUSO optics using the principi e of Fresnel surfaces. Once more, this model has the unique 
purpose to demonstrate the feasibility, and it needs to be improved in order to get better 
aberration control in the entire waveband. This can be achieved in various ways: by changing 
material and/or applying more degrees of freedom on the system. The Strawman design, 
baseline configuration for phase A optics subsystem, meets the instrumental requirements for 
phase A, i.e. a minimum resolution of 0.1° RMS spot diameter over the entire FOV. 
However, in the future phases the requirements will be more demanding, and the designs 
must be more challenging. In the next chapters new high-performance designs will be 
presented, which respect the future requirements. But before that, to be rigorous, some words 
about the prototype build in PMMA following this baseline are compulsory. 
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CHAPTERIV: 
OPTICAL TESTING OF cEUSO 
l. Introduction 
Before continuing to analyze new (idealized) computer configurations, it is important to see 
if such a complex system can be built and if its performances do not diminish too much from 
their theoretical values. In fact, together with the improving of the computer efforts it is 
crucial to build always more sophisticated and bigger lenses, which contribute to determine 
the best and more reliable fabrication procedures; besides, the testing of these opti es with 
Jarger aperture provides more details on FresneJ lenses' performances. 
After the first set of prototypes built in U AH in 1998, which were f/2 systems with 20 cm 
diameter and working on the visible because of their main purpose of being demonstration 
apparatuses, in 200 l a group of scientists at the Institute for Chemical and Physical Research 
(RIKEN), Japan, constructed a new prototype in scale l: 6.25 whose design originates from 
the Strawman baseline. Built in PMMA and optimized for 357 nm, it was called centi-EUSO 
(cEUSO) (Miyiasaka, 2001). It was first used in Japan to test some electronics located in its 
focal piane with a visible laser source and via observation of Cherenkov light emitted by an 
air shower (Kawasaki, 2001). Afterwards, it was sent to the University of Alabama in 
Huntsville to be tested both in imaging and in radiometric mode: the chapter deals indeed 
with these two points1 (Zuccaro, 2001). After a brief description of the layout, the testing 
apparatus and procedures are presented; finally the testing results are commented. 
1 This part ofthe dissertation work was possible thanks to the collaboration ofDr. M. Bonamente of 
UAH. 
65 
2. The cEUSO design 
The purpose of building any prototype is to test the validity of some procedures, for example 
the fabrication methods through the performance analysis ofthe system: after the lens system 
is produced, the optical performance has to be evaluated for consistency with design 
specifications. If something does not work properly, scientists are stili in time to think about 
some improvements before constructing the final instrument. Again, any prototype is created 
following a model already optimized with computer codes. Apart from some issues related to 
the idealization of computer work, the difference in performances between the first and the 
latter is due to some fabrication imprecision and lack of experience, although some of the 
problems are stili manageable thanks to the tolerance predictions. EUSO telescope is a very 
complex system, and deserves a lot of knowledge also in manufacturing. That is the reason 
why cEUSO will not be the final prototype, and a bigger one is already planned to be built in 
a few months, representing the optical subsystem in its full scale (see appendix A). 
The cEUSO telescope is a reproduction of a computer design modified from the Strawman 
baseline layout to fit the prototype's planned dimensions (Fig. 4.1). 
Fig. 4.1. cEUSO. 
It obviously consists of a pair of curved double-sided Fresnellenses in PMMA plastic with 
an aperture stop in between. However, there is a simplification from the official baseline 
design: cEUSO is optimized to have a spherical focal surface. This decision was taken 
because the testing would have been easier. Another difference with the future EUSO lies in 
the position ofthe filter: again for easiness the BG3 was here placed on the aperture stop. 
Tab. 4.1 lists the main features of cEUSO design. 
cEUSO CURVED FRESNEL DOUBLET lPMMA) 
F/# = 2.25 
PHYSICAL PARAMETERS OPTICAL 
(mm) PARA:METERS j_mm) 
DIAMETER 
ENTRANCE PUPIL 226.06 
OVERALL LENGTH- Front 
of Lens l to Focal Surface 698.95 
DIST ANCE- Back of Lens 2 
to Focal Surface 260.17 
AXIAL THICKNESS-
Lens l, Lens 2 23.42, 23.42 
DIAMETER BASE 
l ST FRESNEL LENS 402.18 RADIUS +900.09 
DIAMETER BASE 
2ND FRESNEL LENS 447.36 RADIUS -900.09 
DIAMETER 
STOP 194.09 
DIAMETER 
VERTEX RADIUS -441.51 FOCALPLANE 498.44 
Tab. 4.1. cEUSO for 365 nm: main parameters. Only f/#, overalllength and distance to focal surface 
depend on the wavelength for the best focus. 
From Tab. 4.1 it is clear that the two lenses, with a bigger thickness with respect to the final 
instrument, have also the sarne (and opposite) base curvature. Besides, for this prototype the 
f/number is bigger. The cEUSO lens system was designed and built to work properly for the 
wavelengths in the desired waveband. Although its optimized wavelength was 357 nm 
(Kawasaki, 2001), also the other two wavelengths (337 and 391 nm) as well as longer 
wavelengths could be partially focused by shifting the focal surface and therefore accounting 
for the chromatic aberration. In the design only the distance between the second lens and the 
focal surface was allowed to vary; therefore, in order to find the best focus position due to the 
change of wavelength, some optical specifications (i. e. f/#, BFL) differ for each design with 
different light. 
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3. The experiment setup 
The cEUSO optical prototype was tested at the faciliti es of the Center for Applied Optics 
(CAO) in UAH, using a collimator that can provide a collimated beam of approximately 450 
mm diameter and 4.267 m (168") focal length. The collimator is formed by a spherical 
mirror, a beamsplitter and a corrective lens, ali aligned; the light source is located beside the 
mirror and the mirror's focus is just in front ofthe lamp, where, on a diflùser, the targets to 
be imaged are disposed (Fig. 4.2). Light .from the lamp impinges the beamsplitter (suitably 
tilted) that redirects most of the radiation to the spherical mirror; then, light comes back 
collimated to the beamsplitter and passes through it; finally, the corrective lens (a Schmidt 
plate) eliminates the mirror's aberrations (Geary, 1993). Both the telescope and the detector 
were positioned in separate rails, which allowed them to move longitudinally. The detector 
was provided with a lateral movement, too. 
Normally, image quality measurements are obtained with some standard procedures, for 
instance with the use ofa T-Bar nodal slide located at the end ofthe collimator's bench. Such 
an approach was not practical for a system with the size of cEUSO, considering the largest 
available collimator at UAH. 
~ l .................... · l 
C! EUSO 
MIR BS CL 
---~-----~---
__ _[_ _____ __ 
l ero 
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UAH ICEO COLL!MATOR 
t ....... ·t 
~ 
Fig. 4.2. Schematic representation ofthe optical testing setup. LS: Iight source; MIR: spherical mirror 
of collimator; BS: beamsplitter; CL: corrective lens (Schmidt p late); L1: first lens; ~: second lens 
[curvatures are exaggerated]; AS: aperture stop equipped with BG3 filter; CCD: detector. 
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The optical axis of cEUSO was co-aligned with the optical axis of the collimator, and the 
detection system was placed on the same axis. But while the detector was left on this axis, 
the prototype was allowed to rotate, in order to sample the entire FOV, from 0° ( on-axis 
position) up to 30° off-axis. The rotation was made possible putting the pivot on the second 
nodal point N2 of the optical system (Geary, 1993): in this way the image is focused along 
the chief ray and to find the focus for ali the fields it is sufficient that the detector moves 
longitudinally along the optical axis, in order to follow the difference between the curvature 
of the designed focal surface and the circumference generated by the telescope rotation 
around N2. The only risk in rotating around this pivot could consist in losing some incoming 
collimated light because the first lens is far away from this nodal point and could not be hit, 
at the biggest angles, by ali the light coming out from the collimator. In fact, collimator and 
cEUSO lens system bave comparable aperture dimensions! 
Although the system was optimized to work at 357 nm, also other wavelengths were 
analyzed in the experiment, with the use of appropriate light sources and filters. Specifically, 
there was availability of narrow-band filters for 337, 365, 394, 400, 450, 500 and 550 nm. 
The second and third filters do not correspond precisely to the design wavelengths, but they 
are not so distant (that is the reason why Tab. 4.1 reports data for 365 nm instead of357 nm). 
The adopted light sources were two: a visible source in the 400-550 nm range altemated with 
a low pressure Hg lamp for lower wavelengths. The BG3 filter was not used for the last two 
wavelengths due to its characteristic spectrum (see Fig. 2.4). 
The focal surface instrumentation consisted in two interchangeable CCD cameras (Javelin 
'Newchip' and Hitachi 'KP-M2R') whose analogica] output was recorded through a Matrox 
Meteor n frame grabber that provided 640x480, 8-bit images. The second camera was more 
sensitive to Jower wavelengths. 
4. The optical setup 
Rotations around the second nodal point were chosen because this pivot point allows keeping 
the focus always on the same axis for any angle rotation. For the testing, it corresponds to the 
collimator' s opti ca] axis. 
The first step was to check if the theoretical N2 position as calculated with Code y® 
corresponded to the real one. Hence, the pivot point was initially located on the N2 nominai 
position of the system that was rotated between - 30° and +30° off the optical axis~ 
meanwhile, with the CCD camera it was observed whether the focus had a lateral shift or not. 
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Each iteration of the process required adjustments of the rotation axis until the final N2 
achieved focusing on the chief ray at ali off-set angles (±30°) (Fig. 4.3). It was discovered 
that for ali the wavelengths the measures of the second nodal point position never 
corresponded to its nominai value; rather, it was shifted towards the first lens by nearly 16-18 
mm. 
Fig. 4.3. Looking for the N2 positions. The collimator (behind), cEUSO and the detector (in front) are 
visible. 
For each considered wavelength, Tab. 4.2 reports the distance between the second lens and 
the focal surface (i.e. the back focal length, BFL) and the effective focal length (EFL), 
together with the distance between the real N2 and the nominai N2 (N2n). 
Wavelength EFL EFL (Code Jl) BFL BFL (Code V) N2-N2, 
(nm) (mm) (_mm) (mm) (mm) (mm) 
337 502.1 - 254.4 
365 507.5 507.4 244.1 261 .0 -17.0 
394 512.5 511.6 249 266.1 -18.0 
400 516.0 512.3 259.3 272.6 -17.0 
450 519.0 517.0 258.6 272.6 -16.0 
500 523.0 520.2 261.3 276.5 -17.5 
550 525.0 522.6 264.3 279.4 -17.0 
Tab. 4.2. EFL and BFL for cEUSO. 
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The axial color (i.e. the axial separation of focal points over the spectrum for 0°) can be 
obtained from the calculated EFL of T ab. 4.2. Taking the relative foca! shifts with respect to 
the one at the lowest wavelength, the plot on Fig. 4.4 is obtained (Geary, 1993). 
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Fig. 4.4. Measured axial color for cEUSO in the waveband 365-550 nm. 
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With the used equipment, for the lowest wavelength the intensity of the light source as well 
as the efficiency of the detector were too lo w, preventing us from getting any reliable result. 
For 337 nm it was therefore decided not to perform any accurate research. 
Since in practice the EFL is the distance between the second noda1 plane and the foca! 
surface, this quantity was experimentally calculated according to this definition, once the 
effective nodal point was found. Instead, the BFL is ca1culated from the last surface of the 
second lens to the foca! surface. As is shown, though, the EFL data are similar, while the 
discrepancy between nominai and calculated BFL is more or less equal to the shift of the N2 
points. Since not ali the data follow the theoretical values, the lens system was probably built 
with some fabrication errors. Therefore, it was decided to test the single lenses 
independently, trying to find the major error sources. These lenses underwent the same 
procedure of distance measurement between the second surface of the lens and the image 
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surface (but only for three wavelengths). This quantity can differ from the BFL defmition 
since the latter refers to paraxial environment. No data were taken for the EFL due to the 
difficulty in finding with precision the nodal point inside the lenses. The results are reported 
in T ab. 4.3 for the first lens (LI) and T ab. 4.4 for the second one <L2). 
Wavelength L1 - img L1 - img (Code V) BFL (Code V) 
(nm) (mm) (mm) (mm) 
365 892.3 833 .9 875.7 
394 872.8 845.8 887 
450 886.8 861 901 .6 
Tab. 4.3 . Distances in L1. 
Wavelength L2- img L2 - img (Code V) BFL (Code V) 
(nm) (mm) (mm) (mm) 
365 626 580.3 624.5 
394 636 588.6 632.6 
450 641.5 599.2 642.9 
Tab. 4.4. Distances in~-
For ali the measurements in the last three tables the determination of the best focus for the 
images on the detector is arbitrary to within a couple of mm; the CCD camera was in fact 
shifted by ±5 mm with respect to the estimated best focus position, and the difference in the 
image qua1ity was evident. All the measures were taken through rulers. However, to calculate 
some quantities the design parameters had to be trusted and introduced. This explains why in 
the tables also decimals are present in the data. 
Both the ' L:z- img' and 'BFL' columns output from Code y® referto the distance between the 
last Fresnel surface and the focus; more precisely, they are related to the best focus for the 
whole lens and for paraxial rays alone, respectively. As was expected, these two quantities 
differ significantly. In any case, for both lenses the difference in the nominai and real image 
distance from the last surface is quite large: the two lenses were built somehow with a 
resulting longer foca11ength than foreseen, especially the first. This partia11y accounts for the 
variations on the entire system' s performances when dealing with focallengths. Again, this is 
a clear example of the difficulty in the implementation of the fabrication procedures. The 
cEUSO telescope was in fact more deputed to learn some protocols in cutting Fresnel 
surfaces rather than to make tota1ly reliable experiments. 
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5. The cEUSO testing: imaging mode 
Image quality for cEUSO system was then studied througb a set of digitai images taken at 
on-axis position and for 10°, 20°, 25° and 30° off-axis for each wavelength. 
Light was forced to pass through either o ne of four available masks: a narrow pinhole (NP, 
with diameter DNP = 2 mrn), a Larger pinhole (LP, with diameter DLP = 9 mm), a "spoke" 
target and the USAF 1951 standard resolution target, ali alternatively positioned on the 
collimator's focal point. Last mask is widely used on imaging analysis to check the 
resolution in two dimensions ofthe output. Specificaliy, it is formed by a series ofthree bar 
objects oriented horizontally and vertically, wbose size decreases by the sixth root of two. 
The smallest set of bars that can be observed determines the Iimiting resoiution of the system 
in either direction, in units of line pairs per millimeter (1/mm) (Geary, 1993). Instead, the 
spoke target gives a more immediate idea of the combined resolution performances in 
verticai and horizontal direction. The used one is a circuiar target of 6.35 mm diameter with 
radiai spokes 0.64 mm wide radially directed every 45° (Fig. 4.5). 
2 -111 IIIE:1 = 111::2 
3 - Ili -2 -1 111 = 3 = ~~.~~~~~~ 111 ~ 4 
4 -~~~ ~~~~~:: 111E5 = o:m 111: 1 111:: 6 
5 = 111 Ili =- 1 6::111 
Fig. 4.5. The USAF 1951 standard resolution target (left) and the used spoke target (right). 
The response was collected at each wavelength and fieid position on the CCD camera, and 
the image, visibie through the frame grabber, was very blurred due to aberrations, especially 
for large off-axis fields. Each image spot is fully contained in the CCD sensitive area, i. e. it is 
fully covered by the pixeis of the frame grabber. Ali the outputs from the grabber were 
collected and saved, andare reproduced in appendix E. For 337 nm however, because ofthe 
limited quantum efficiency of the CCD it was not possibie to get the same amount of 
information, so oniy a few images obtained with the customary 337 nm interference fiiter and 
with a compiementary 3-band interference fiiter are reported in the figures. For the 450 nm 
case some measures were taken aiso for the configuration without BG3 filter, and on the 
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figures tbere are al so images about tbose cases, altbougb no sucb data bave been presented in 
tbe tables. In al1 tbe figures small gbosts are evident on tbe rigbt side of tbe images: this is 
probably caused by the tilted beamsplitter. 
The collected images are the ones taken on the best focus positions, i.e. for the detector 
location where tbe blur seemed minimum (far the two pinholes), or wbere more details could 
be seen (for the USAF 1951 and the spoke targets). The procedure was thus the following: 
again, for any wavelengtb and field angle the best focus was found~ the four masks were then 
altemated and the images collected. In arder to get quantitative information about these blurs, 
for tbe NP and tbe LP masks tbe brigbtness peaks oftheir images were first located. This was 
possible by processing the output from the frame grabber with IDL ® software: tbe detected 
counts were summed in two 7xl-pixel 'strips' (respectively in the x and y directions, 
intersecting at tbe brightness peak) in arder to assess the x- and y- dimensions ofthe pinhole 
images. Tbe longitudinal distribution of tbe two ' strips' eitber showed a flat plateau at the 
center (in correspondence oftbe brightness peak, likely attributable to detector saturation) or 
a near-gaussian profile. The distribution was accordingly fitted to a gaussian profile modified 
by a straight line (which models the detector background). An errar source is due to the 
presence of tbe ghosts in tbe image, whicb alter the distributions ofligbt within the strips. 
Tbe magnifications of the NP· (SNP) and of the LP (SLP) o n the focal p lane of cE USO optics 
were determined by the knowledge ofthe collimator focallength (EFLc ~ 4.267 m) and the 
cEUSO focal lengths at various wavelengths (EFL=507.5-525 mm, <EFL>=517.2 mm) 
througb (Geary, 1993): 
SNp=(EFLIEFLc}DNP =0.24 mm 
Su.=(EFL/EFLc)·DLP =1.09 mm 
(4.1) 
(4.2) 
In arder to compare tbese data with the detected dimensions, the pixels sizes (in pbysical 
units, e.g . rnm) for tbe two cameras must be calculated. Tbe Javelin 'Newchip ' CCD camera 
(J) has a (8x6) mm2 CCD detector, and tbe frame grabber provides images with 640x480 
pixels, so the pixel linear size ofthe grabber for tbe images collected witb J is 0.0125 mm~ 
tbe Hitacbi ' KP-M2R' CCD camera (H) basa (6.45x4.85) mm2 detector, fora frame grabber 
pixel size of about O. O l mm. 
In Tab. 4.5 the data indicate the 2cr diameter (±cr around the gaussian peak) ofthe image in 
unity of pixels of the frame grabber. However, in arder t o encircle about 90% or more of tbe 
source counts, a 4cr diameter would bave been more appropriate. When no numbers are 
reported, tbe images bad a centrai plateau, and the diameter could not be estimated through a 
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standard gaussian fit. Therefore it could not be compared with the other data in a reliable 
manner, since the x and y directions could be estimated only by the footprints of the 
distribution. 
A & pinhole (CCD) o o JOO 20° 25° 30o 
365NP (H) 2cr (pixels) -x,y 21.7 ' 23.8 55.8' 26.3 70.5, 20.1 79.9, 19.6 127.2 , 35.3* 
2a (mm) - x,y 0.217, 0.238 0.558, 0.263 O. 705, 0.201 O. 799, 0.196 1.272, 0.353 
365LP (H) 2cr (pixe1s) -x.,y 116 , 71 140 ' 72.6 244 , 77* 
2a(mm) - x,y 1.16, O. 71 1.40, O. 726 2.44, O. 77 
394NP (H) 2cr (pixels) -x.,y 21.2' 25.7 69.2 ' 29.3 73.3, 21.5 109.2' 24.2 
2a(mm) - x,y 0.21 2, 0.257 0.692, 0.293 O. 733, 0.215 1.092, 0.242 
394LP (H) 2cr (pixels) -x.,y 89 , 86.7 92, 76.7 117 ' 75 145.3 , 70 147.5 ' 69.7* 
2a(mm) - x,y 0.89, 0.867 0.92, 0.767 1.17, 0. 75 1.453, O. 70 1.475, 0.697 
400NP (H) 2cr (pixels) -x,y 52.1 , 23 69.8 ' 20 83 '20.5 
2a(mm) - x,y 0.521, 0.23 0.698, 0.20 0.83, 0.205 
400LP (H) 2cr (pixels) -x,y 143 '62 197 '71 
2 a (m m) - x,y 1.43, 0.62 1.97, O. 71 
450NP (J) 2cr (pixe1s) -x,y 23.4 '25 56.4 '28.8 70.8, 21.4 90.9 '24.9 106 ' 277 
2 a (mm) - x,y 0.293, 0.313 0.705, 0.36 0.885, 0.268 1.136, 0.311 1.325, 0.346 
SOONP (J) 2cr (pixels) -x.,y 79.1 '22.1 97.8 '23.4 100 , 26.7 
2a(mm) - x,y 0.989, 0.276 1.223, 0.293 1.25, 0.334 
550NP (J) 2cr (pixe1s) -x.,y 79, 24.3 103 '22.3 83 '28 
2a(mm) - x,y O. 99{J, O. 304 1.288, 0.279 1.034. 0.35 
Tab. 4.5. 2cr sizes of LP and NP in the x- and y- directions, respectively. Where no numbers are 
reported, images were saturated. *:data were taken for 28°. 
Data from T ab. 4.5 are interesting especially for one aspect: independent values for x and y 
directions are provided, so that the difference in warping due to aberrations is evident. In 
particular, the continuous increasing on RMS in x with respect to the modest changes in y for 
bigger off-axis angles is dominant for any wavelength. In fact, the images show a stretching 
of the blur precisely in x. Next table is filled witb the averages of x and y directions 
calculated from Tab. 4.5. 
A & pinhole (CCD) o o 10o 20° 25° 30o 
365NP (H) 2a (mm) -aver. x,y 0.23 0.41 0.45 0.50 0.81* 
365LP (H) 2a(mm) - aver. x,y 0.93 1.06 1.60* 
394NP (H ) 2a (mm) -aver. x,y 0.23 0.49 0.47 0.67 
394LP (H) 2a (mm) - aver. x,y 1.38 0.84 0.96 1.08 1.08* 
400NP (H) 2a(mm) -aver. x,y 0.37 0.45 0.52 
400LP (H) 2a(mm) - aver. x,y 1.02 1.34 
450NP (J) 2a(mm) - aver. x,y 0.30 0.53 0.58 0.72 0.84 
SOONP (J) 2a(mm) - aver. x,y 0.63 0.76 0.79 
~SONP (J) 2a (m m) - aver. x,y 0.65 0. 78 0.69 
Tab. 4.6. Averages from data ofTab. 4.5. *:data were taken for 28°. 
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As stated in the past chapter, the on-axis images do not suffer of some aberrations and hence 
they are the ones whicb best approximate a gaussian distribution. Consequent1y one expects 
to find a fairly dose match with tbe theoretical values for these cases. In fact, an average on x 
and y for each wavelength provides results that correspond pretty well with the predicted 
magnification. Tbis is valid especially for the NP case: recalling from (4.1) that SNP = 0.24 
mm (with small variations in the wavelength range), for 365, 394 and 450 nm cases the 
experimental result is - 0.23 mm. On the contrary, the only non-saturated LP case (at 394 nm) 
is slightly distant: 0.88 mm vs. the predicted 1.09 mm from (4.2). 
A quasi-quantitative comparisco with some Code y® output is now needed. The following 
data are fora very distant point source, so they do not match precisely the experiment results, 
but they give an idea about the theoretical performances of cEUSO. Nevertheless, the two 
sets of data are comparable, since the Code v® RMS diameters are notbing else but twice the 
"nominai" RMS calculations. 
Field angle RMS Spot Diameters (rom) 
o o 0.088 
10° 0.412 
20° 0 .738 
25° 0.861 
28° 0.687 
Tab. 4.7 & Fig. 4.6. Spot diameters for cEUSO @ 365 nm. 
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The results for the entire system are somehow imprecise, since the images were elaborated 
along the x and y directions passing through the centroid, and they did not take into 
consideration the edges of the blur for other directions. On the contrary, Code y® output of 
the simulated spots does consider ali the positions of tbe light rays within the spots, providing 
a more reliable RMS number, although it gives a "rotationally symmetrical" imaginary shape 
to the blur. That partially explains the great differences in the RMS data with respect to 
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cEUSO elaborated values. One could more efficiently compare the on-axis cases: a 0.23 mm 
RMS from a collimated 2-mm wide source is compatible with a - 0.1 mm RMS from a point 
source at infinity. However, our measurements were in part subjective, in the sense that the 
peak luminosity positions as well as the calibration of the focal distances and the 
determination of the best focus strongly depend on personal decisions. But this is sufficient 
for the purpose bere, which is to simply verify that the first order properties of the lenses are 
reasonably close to their design. At the light of these considerations, on Tab. 4.6 ali the 
results are approximated to the second decimai ( although an even stronger approximation 
could be done without any major problem). 
Single-lens images were also obtained and the intensity distributions were then fitted to 
Gaussian profiles (as above) for 365, 394 and 450 nm. Only on-axis data are bere reported, 
and for the LP case it is also shown how the image blurred when defocusing the spot for ±5 
m m shift of the detector along the optical axis. The box es that are not fili ed represent cases in 
which the blur dimensions exceeded the sensitive area ofthe CCD camera. 
Lens & l (CCD) LP LP-5mm LP+5mm NP 
Lt- 365 (H) 2cr (pixels)- x,y 352, ? 37.8, 42.0 
2a-(mm) - x,y 3.52,? 0.378, 0.42 
Lt- 394 (H) 2cr (pixels)- x,y 150.7 , 164.5 157.6 , 161 148.7 , 171.6 38.7 , 39.2 
2a-(mm) - x,y 1.507, 1.645 1.576, 1.61 1.487, l. 716 0.387, 0.392 
Lt- 450 (H) 2cr (pixels) - x,y 112.8 , 118 38.8 , 39.2 
2a-(mm) - x,y 1.128, 1.18 0.388, 0.392 
Lz - 365 (H) 2cr (pixels) - x,y 27.9 , 30.6 
2a-(mm) - x,y 0.279, 0.392 
Lz- 394 (H) 2cr (pixels)- x,y 109.5' 101.3 112.9 ' 92.5 120.2 ' 116.3 39.5 ' 37.8 
2a- (mm) - x,y 1.095, 1.013 1.129, 0.925 1.202, 1.163 0.395, 0.378 
L2- 450 (B) 2cr (pixels) - x,y 31.6 , 29.4 
2a-(mm) - x,y 0.316, 0.294 
Tab. 4.8. 2cr sizes for single lenses. A 'y dimension datum' is missing (the ' ? ') because the image was 
bigger than the detector's sensitive area. 
As is visible, the NP images are approximately of the same size for each lens, within the 
errors, and the 394 nm line allowed processing the LP also slightly for both the focus shifts. 
The USAF 1951 resolution target was imaged as well for each considered wavelength and 
field. However, in some cases it was impossible to obtain an acceptable distinction of any set 
of bars in the used target, because of the aberrations. In Tab. 4.9 the minimum visible 
resolutions of cEUSO are reported. Data refer to the best measures for horizontal (h) and 
vertical (v) bar direction. Here, the resolution definition is switched: for instance, a (h) 
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measure gives a vertical resolution. When no distinction is present, the best resolutìon 
applied to both directions; when no data are written, the image was too blurred. Recall that 
the scanning in the experiment is always made horizontally (i.e. on the optical bench piane 
that is the z-x piane), while Code y® output is presented vertically (along y direction). 
À o o JOO 20° 25° 30° 
365 01 h-21 h-16,v-22 h-12,v-36 h-22* 
line pairs!mm l 0.25 0.89, 0.28 0.56, 0.22 0.28 
394 h01 h-22,v-22 h-11 ,v-21 h-26 
line pairs!mm l 0.28, 0.28 0.5, 0.25 0.45 
400 02 h-B,v-23 hOl,v-36 hOl,v-35 h-11 
line pairs!mm 1.12 0.63, 0.32 l , 0.22 l , 0.2 0.5 
450 01 h-16,v-23 hOl,v-35 hO l 
line pairslmm l 0.89, 0.32 l , 0.2 l 
500 h01 h01, v-11 h-15,v-35 h-B,v-31 h-l3,v-31 
line pairslmm l l , 0.5 0.79, 0.2 0.63, 0.13 0.63, 0.13 
550 h 03,v 01 h-l6,v-32 h-16,v-34 h-16,v-31 h-16,v-32 
line pairs!mm 1.26, l 0.89, 0.14 0.89, 0.18 0.89, 0.13 0.89, 0.14 
Tab. 4.9. Minimum reso1utions. Numbers below are the resolution in line pairs/mm. *: data were 
taken for 28°. 
In the last table one can immediately notice that for each case the vertical performances are 
better than the horizontal ones. This is only a confmnation, since the spots were far more 
blurred on the horizontal direction by moving away from the optical axis. Moreover, the 
resolutions are pretty constant fora change in wavelength in a defmed field (the columns in 
the table), while decrease for a change in fields in a defined wavelength (the lines). In any 
case the best resolution achieved is only - l Jine-pair/mm, denoting once more how far the 
design is from a diffraction-limited configuration. Recall that some floating on the data can 
be due to t be subjectivity of the choice in recognizing a separated set of bars on the image. 
6. Tbe cEUSO testing: radiometric measurements 
An analysis ofthe radiometric behavior ofthe cEUSO telescope was also conducted. For this 
purpose, a Labsphere integrating sphere and radiometer detector were used, together with an 
Ag mirror for reference measurements. 
The testing consisted of radiometric measurements for the single lenses of the telescope, in 
or der to have an estimate of the light loss due to transmittance of PMMA an d t o the presence 
ofback-cuts, which cause stray lìght losses. However, because ofthe large dimensions ofthe 
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system for the available laboratory, it was not possible to attempt the set ofmeasurements for 
the entire telescope. 
One lens at the time was fixed at the front part of the cEUSO mount (Fig. 4 . l), in order to 
ha ve enough room to locate the focal point within the testing bench (with the same procedure 
followed for the imaging analyses); the pivot point was thus located beneath the lens. A 
rotation of the system in this simplified configuration could allow imaging the light flux 
coming out from the collimator also for off-axis fields, with no losses due to shadows caused 
by the front structure. Moreover, it was also made sure that a1l the focusing cones of light 
were not obstructed by the rear structure, either. Once verified that, for each wavelength the 
integrating sphere was positioned so that the entire eone of light leaving the lens entered the 
sphere aperture. 
The radiometer detector was fixed on a side aperture of the integrating sphere 
perpendicularly to the optical axis; light was scattered (becoming isotropic) inside the sphere 
before hitting the detector that measured the incident flux. When the power of the source at 
the considered wavelength allowed, also data for off-axis fields were taken, for Relative 
Illumination Falloff (RIF) measurements. 
Realistic results could be obtained only with the knowledge of the source intensity. Hence, 
also a reference data set was taken. For this purpose, the telescope was removed from its rail 
and substituted with a suitable mirror, completely enlightened by the collimated beam and 
slightly tilted in order to focus outside the beam, Ieaving enough room for the integrating 
sphere and the detector (Fig. 4.7). Even these measurements were obtained through a 
radiometer attached to the sphere, in order to be consistent with the previous data. 
Fig. 4.7. The testing bench equipped for source intensity measurements. 
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The available mirror was coated with Ag and had a focallength of approximately 11 O cm an d 
a diameter of 25 cm It was therefore positioned on the collimator' s optical axis at the end of 
the bench and then tilted approximately 10.2° from the axis. Since the collimated beam must 
be of the same size for a comparison of the two data sets to be meaningful, a mask with the 
same aperture was added in front of the telescope before taking all the flux measurements. It 
is worth to point out that the integrating sphere, for these acquisitions as well as for the 
lenses' output, had to be located in a posi ti o n where it could collect ali the eone of light 
through an aperture of a few cm, no matter whether tbe focus was exactJy on the aperture or 
inside the sphere. To achieve that, the cone's dimensions where observed through a 
transparent piece ofplastic (visible in Fig. 4.7, lying on the bench). 
The results of the mirror setup must then be corrected, before comparing to the lens results, 
by taking into account the projected mirror area (because of the tilt) into the p lane of the 
aperture area (normal to the optical axis), and the reflectivity of Ag at the prescribed 
wavelengths (see Tab. 4.10). Only data for the Ag reflectivity of very dose wavelengths 
were found in Iiterature (Palik, 1997). 
Wavelength (nm) Rejlectivity of Ag Wavelength (nm) Rejlectivity of Ag 
335 0.555 400 0.866 
364 0.814 442 0.912 
Tab.4.10. Reflectivity of Ag for wavelengths close to the used ones. 
The correction is made by dividing the mirror data by the reflectivity and then also by the 
ratio of the mirror-aperture diameters (a factor of 0.895). Tabs. 4.11 & 4.12 show the 
radiometric data for the lenses and the corrected measurements for the mirror (arbitrary units 
ofthe radiometer). 
Wavelength (nm) o o JOo 20° Corrected mi"or 
337 0.002±0.001 - - 0.004±0.002 
365 0.006±0.001 0.003±0.001 0.002±0.001 0.012±0.002 
450 0.019±0.001 0.017±0.001 0.012±0.001 0.037±0.006 
T ab. 4 .11. Radiometric measurements for Lens l vs. the corrected measurements for the mirror. 
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Wavelength (nm) o o JOO 20° Corrected mirror 
337 0.003±0.001 - - 0.004±0.002 
365 0.010±0.001 0.008±0.001 0.002±0.001 0.012±0.002 
450 0.027±0.002 0.024±0.002 o. 022±0. 002 0.037±0.006 
Tab. 4 .12. Radiometric measurements for Lens 2 vs. the corrected measurements for the mirror. 
The lamp did not perform uniformly ali over the considered spectrum, being less efficient for 
the lower wavelengths, as is notable in the tables; consequently it was impossible to detect 
any good signal for rotations at the lowest wavelength, and in generai for off-axis angles 
bigger than 20°. Moreover, at 394 nm the intensity of light was too low and the fluctuations 
too instable because ofthe experiment setup; it was decided to reject the data taken with this 
light. 
As a consequence of the measurements, it is possible to infer the amount of light that is not 
lost by transmittance and stray light (Tabs. 4.13 & 4 .14). Errors are subjectively determined 
by fluctuations of the radiometer readout, and should approximately be regarded as 90% 
confidence levels. 
Wavelength (nm) o o JOO 20° 
337 (50±50)% - -
365 (50±19)% (25±19)% (17±19)% 
450 (51±16)% (46±16)% (32±16)% 
Tab.4.13. Amount oflight passing through Lens l . 
Wavelength (nm) o o JOo 20° 
337 (75±56)% - -
365 (83±19)% (67±19)% (17±19)% 
450 (73± 17)% (65±17)% (59±17)% 
T ab .4 .14. Amount of light passing through Lens 2. 
The fall-off at off-axis angles is evident, as foreseen. However, it is in generai bigger than the 
ideai Relative Illumination Falloff, which follows a cos4 law (Geary, 1993): that is probably 
due to the strong vignetting present and in generai to the effects ofthe back-cuts (Fig. 4.8). 
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Fig. 4.8. Relative Illumination Falloff: data vs. predictions. 
RIF for L1 g450 nm 
~~ .JI-+-data 
~ - RIF 
o 
field an1~e (deg) 20 
RIF for L2 @450 n m -
~ 11 -+-data - - RIF / 
o fleld anl1k (deg) 20 
It is also evident that the second Iens has higher transmittance than the frrst one: apart from 
some fabrication issues, this can be also due to the fact that the first lens should be more 
grooved. 
In generai, the errors are quite Iarge since all the measurements were subjected to a high 
floating of background noi se in the environment around the experimental setup; although the 
average background was measured and properly subtracted to the data, some noise was still 
present, and this accounts for the relative errors in Tabs 4.13 & 4.14. Since even the 
reference on-axis data bave big errors, in the last figure no error bars were drawn. The 
transmittance of PMMA was calculated at the NASA Marshall Space Flight Center (MSFC, 
Huntsville, AL) and the plot is reproduced in Fig. 4.9, where the transmittance for 335 nm is 
63%, the one for 365 nm is 85% and the one for 450 nm is 92%. The on-axis results from 
Tabs. 4.12 & 4.13 can be compatible with these data, especially for the two lower 
wavelengths. 
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Fig. 4 .9. Calculated transmittance for PMMA (NASAIMSFC). 
No veiling giare measurements for cEUSO were possible with the actual equipments: this 
optical measurement (that is essentially non-image forming light that overlays the real image 
and degrades contrast) is usually calculated through a configuration that uses an integrating 
sphere Iarge enough for the lens to appear through an aperture on one side (Geary, 1993). In 
UAH labs there was no availability of such a sphere, and because ofthe generai conditions of 
the experiments it was impossible to perform this analysis in any other way. 
7. Conclusions 
This chapter deals with optical tests of a EUSO prototype built during the period of this 
research by the Japanese EUSO group. This telescope was constructed mainly to verify the 
possibility of making science with such a challenging configuration of lenses, using Fresnel 
technology. At UAH Iabs some imaging and radiometric performances were tested, and the 
results are bere presented. Unfortunately, not ali the optical behaviors could be studied, due 
to the large size of the telescope for the used testing bench and apparatuses, but what was 
done is sufficient to understand where the major problems about the construction of this 
optical system could lie. It was indeed discovered, within the measurement errors, that the 
focal lengths of the two lenses did not correspond to the theoretical ones, yielding some 
mismatch in the final focal lengths of the complete system. However, the magnification 
performances were quite acceptable; the resolutions, instead, show that tbe image quality 
decreases for off-axis fields with different blurring in the two orthogonal axes, as is evident 
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from tbe images. Tben, radiometric analyses were performed, namely transmission tests on 
tbe single lenses: it carne out tbat tbe second lens transmits more tban tbe first one. It would 
bave been useful to measure tbe overall transmission of tbe system, as well as tbe veiling 
giare performances, but it was not possible again for the available tools. Witb tbose data tbe 
Relative lllumination Falloff was calculated, and it is sbown that tbe RIF does not correctly 
follow tbe predicted one (apart from the errors), mainly because ofthe faceted nature of eacb 
surface tbat redirects a portion of light outside tbe focus. 
T bis was the testing of a prototype with dimensions tbat do not reach the planned size of the 
final telescope~ bowever, from this apparatus many information bave been extrapolated. Next 
step will be to build a bigger instrument, witb better performances and more accurate 
construction procedures. The future prototype will be again optically tested, making a 
complete scan of ali the qualities and drawbacks, therefore giving more reliable information 
for tbe future construction ofthe final EUSO telescope (see appendix A). 
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CHAPTER V: 
ADV ANCED DESIGN OF NEW CONFIGURA TIONS 
l. Introduction 
Last two chapters introduced first an official baseline configuration for EUSO phase A, a 
monochromatic design optimized with PMMA, and then a scaled and simplified prototype 
built according to this idea. Both for the computer layout and for the small telescope some 
analyses were carried out and consequently described. Apart from the overall achievement of 
the design's goals, i.e. the scientific requirements for phase A, the main limitation is the 
plastic' s dispersion that yields chromatic aberration, therefore constraining the performance 
in the desired waveband. A polychromatic design is in fact preferable because it improves the 
air shower tracking with higher precisi o n for measuring the incident angle and energy of the 
events. So far, to have good spots even in the shorter and longer wavelengths it has been 
demonstrated with cEUSO that the only way would be to shift the foca} surface until the best 
focus positions are met. Obviously this is unacceptable for an instrument whose aim is 
instead enabling the observation of the EAS fluorescence in the three main wavelengths 
together; besides, in space the less parts are moving the better it is. These are the main 
reasons why the Strawman configuration cannot be the final one, and more efforts must be 
done in implementing the technology according to the available optical researches. At this 
point these two sectors must interact more deeply. Some improvements with configurations 
that use PMMA can stili be feasible, but it is mandatory to consider also the use of different 
materials, which must be chosen with some criteria. Then, new designs have to be drawn 
according to the optical specifications ofthe chosen plastics. 
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This chapter deals indeed with the new optimized configurations for EUSO optical system. In 
particular, it was first tried to implement the design using PMMA plastic, highlighting its 
performances for monochromatic light and then trying to consider the entire spectrum. Even 
another monochromatic configuration, witb f/1.15, was realized. Successively, other 
materials were contemplated and the respective polychromatic designs elaborated. For each 
case, the various achievements are described and compared. 
2. The eh o ice of the materials 
The identification of the most advantageous lens materials relies especially on the optical 
transmissivity in the 330-400 nm band with minima} dispersion and on the resistance to 
damage attributable to the space environment, radiation exposure and resilience to 
micrometeoroid and orbita} debris impact, etc. Moreover, from the optical design and testing 
point of view, the contro! of surface roughness during the fabrication and replication 
processes, which results in a decrease in undesirable scattering and an increase in image 
contrast must be feasible. Finally, the ability to minimize undesirable back-cut effects 
intrinsic to Fresnel lenses depends on the system' s overall optimization: the number of 
grooves is related to tbe design' s parameters. 
The candidate materials are only plastics. Quartz, a traditional UV lens material was not 
considered because of its weight, fragility and difficulty of grinding a Fresnel surface. The 
results of some investigations led EUSO scientists to determine a group of suitable plastics: 
pure UV grade Polymethyl-methacrylate (PMMA), which is the prime material for the Optics 
Subsystem, Polymethyl-pentene (TPX), amorphous cyclo-olefin (Zeonex) (Zeon, 2002b) and 
Perfluoro polymer (CYTOP) (Asahi, 2002), retained as backup materials. PMMA allows 
designing and building lenses that meet the science requirements for phase A with the lowest 
cost and technical risk. TPX has several significant advantages over PMMA, but its 
manufacturing procedure is not straightforward. 
To characterize these materials and their suitability, Tab. 5.1 collects their main features. 
Mechanical and optical data were taken from the material manufacturers, while machinability 
parameters were determined by some experiments on small samples (Adams, 2002 EUSO 
CSR). 
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Properties UV-PMMA Zeonex TPX CYTOP 
Refractive index nd 
1.482 1.531 1.454 1.34 
(i.e. @ 587.6 nm) 
Refractive index 
1.526 1.557 1.465 1.349 
@357nm 
Abbe number 
(measured) 61 56 116 90 
Transmittance 
3mm @ 400nm 86% 92% 92-96% 94% 
Density (g/cm3) -1.20 1.01 0.833 2.03 
Feasibility of direct 
yes yes yes (under study) 
cut 
Molding method pressure 
pressure or 
injection 
pressure or 
injection injection 
Tab. 5.1. Some features ofthe selected plastics (the shaping method is introduced in appendix B). 
Due to its own peculiarities, each material is preferably shaped with some techniques rather 
than with others. Usually for our purposes the choice falls among direct diamond turning, 
pressure and injection molding. The wrong method can lead to a disaster in terms of 
performances ofthe finallens. 
These four materials were chosen also because their gradient of index of refraction in the 
considered waveband is modestly linear and the transmissivity was acceptable. The Abbe 
numbers1 reported in Tab. 5.1 referto visible light, but they give hints about the dispersive 
behaviors of these four materials also in the near-UV range, where usually the indexes of 
refraction vary even faster with the wavelength. However, each one of these plastics has its 
pros and cons, in a potential application for the construction of the EUSO lenses. For the 
feasibility of the optics these factors are not less important than the optical performances of 
the system attained via software optimizations. Tab. 5.2 reports some ofthe advantages and 
drawbacks for each considered materia} (Adams, 2002 EUSO CSR). 
1 See chapter VI for a mathematical definition. 
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UV-PMMA Zeonex 
Pro: Pro: 
• High transrnittance m 330-400 nm • Acceptable transrnittance in 330-400 nm 
regio n region (78-90%) 
• Known fabrication procedure • High precision facet reproduction in 
• A vailable and affordable materia! molding 
• Difference in UV transmittance: 4%• • A vailable and affordable materia! 
Con: Con: 
• High dispersion in 330-400 nm region • High dispersion in 330-400 nm region 
• High cost for fabricating large blank 
TPX CYTOP 
Pro: 
• High transmittance m 330-400 n m Pro: 
reg10n • High transrnittance m 330-400 nm 
• Very low mass density regton 
• Low dispersion • Low dispersion 
• Difference in UV transrnittance: 5%• Con: 
Con: • Very high mass density 
• Cannot be pressure molded • Raw materia! cost is high 
• Manufacturing thick large area blank is 
difficult 
- Tab. 5.2. Points for and against choosing the four candidate materials. *· measures taken after 
simulated exposure of 3 years mission. 
Despite the list of pros and cons, what is important to take into account when performing a 
computer simulation is the index of refraction at the three wavelengths, namely the 
dispersion in the waveband, as already stated. 
With this information the optimizations can be produced, and only after they must be 
compared with the other issues in arder to choose the materia] that yields the best 
compromise. 
3. The construction of Freso el lenses: connections with the design implementations 
As already stressed in chapter m, the fina l telescope will be about 2. 5 m wide. Several 
different techniques for manufacturing the Fresnellens are being studied. Essentially, it could 
be possible to build these lenses in a single piece, i.e. obtaining monolithic elements; 
otherwise the lens should be divided in sectors, each one built separately and then assembled 
together, maintaining the relative alignment and the overall lens integrity within tolerances. 
In this case, the inner part would be again monolithic and the outer portion wouJd be split 
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into a single ring or a couple of rings divided in smaller segments. A metering structure 
would tben gatber all. the pieces and recreate the wbole lens. This conception can be useful 
for building tbe various parts using different procedures ( diamond turning or 
injection/compression molding), but also for another aspect. To survive launcb, it bas been 
calculated tbat tbe optics system must bave a first resonant frequency bigher tban 40 Hz. Tbe 
curvature of the lenses already belps to raise their fundamental frequency; but if tbe lens is 
segmented and structurally framed, it will better tolerate tbe launcb environment (Adams, 
2002 EUSO CSR). On the otber side, tbe "optical" drawback is tbe addiction of more 
obscuration due to tbe mecbanical structure, whicb prevents some ligbt from being imaged. 
Tbis is an optimum opportunity to explore new conceptions as far as tbe computer design 
regards. While from one side tbe usual procedure of optimizing tbe lenses can stili be 
pursued, it was imagined to exploit tbe possible segmentation fabrication process witb a 
proper optimization of sligbtly different prescriptions for tbe single elements oftbe lens. For 
axial symmetry, though, all tbe petals belonging to a ring structure would bave tbe same 
configuration, so a replication tecbnique of segmented lenses by pressure molding would 
provide reliable quality in tbe ring performance over its entire length (see appendix A). On 
tbe contrary, extreme accuracy in dimensions is expensive to achieve by molding: therefore if 
tbe cbosen material allows, a better alternative for tbe big centrai part is direct cut. lmaging 
tbe lenses as a compound system of a centrai part and a couple of rings, it was decided to 
divide tbem in an inner part ofradius 750 mm, a first ring ofradii 750 mm and 1000 mm and 
an outer ring ofradii 1000 mm and 1250 mm. Tbe petals are planned to be 24, one every 15° 
(see Fig. Al in appendix A about petals' fabrication). Hence, tbe main goal of tbis 
simulation is to prove tbat sucb a structured system can be improved again by adding and 
bandling a bigger number of degrees of freedom, namely base and prescription curvatures, 
aspberic coefficients an d coni c constants for eacb part of tbe lens. If in the classica} way tbe 
overall design comes out from an all-field optimization, tbat is, alt tbe lenses' parameters are 
cbosen and combined to give good performances ali over tbe FOV, tbe segmentation mode 
allows analyzing tbe contribution of single parts of the lens to the aberrations. Different 
prescription means different power of tbe element. However, since tbe scope is simply 
compacting tbe resulting spots, tbe three prescription cannot differ very mucb: tbeir first 
order properties must be similar, while tbe otber parameters are allowed to work more 
efficiently in or der to tame tbe aberrations. Eacb component works o n a specific part of tbe 
flux for eacb field. For example, as will be sbown in some figures in tbe next paragrapb, most 
of the on-axis flux passes through the centrai parts of tbe two lenses, leaving small 
89 
dependence to the two outer rings, which on the contrary are relevant for at least 50% for the 
extreme off-axis fields. Therefore, this technique can tak:e into account the fields with respect 
to the single lens components, for a better optimization routine: while optimizing single 
sectors of the lenses, the weight of the various fields were changed according to this rule of 
amount of impinging light flux, whose behavior is visible in the figures of the following 
configurations. 
Bot h the optimization procedures were followed, albeit much of the time was devoted to the 
classica} one, regarding also polychromatic cases. The "segmented mode" analysis was 
performed only on monochromatic light and then compared to the correspondent classica} 
design. Although in a temporal scale the new procedure was alJ studied at the end of the 
research work, for sak:e of exposition it will be bere presented materia} by materia}, beside 
the usual optimizations. 
4. The advanced designs 
The Strawman design, presented and analyzed in chapter m, was optimized in PMMA onl y 
for some specific fields, i. e. 0°, 10°, 20°, 25°, 30°. The behavior on the intermediate angles is 
not precisely known, although some hints are provided by the astigmatic curves (Fig. 3.5). 
lnstead, the following designs were analyzed with respect to ali the angles from 0° to 30° 
( with a more correct use of the respective astigmatic curves ), altbough the usual output is 
presented. This was done through a detailed inspection of the spot sizes and encircled 
energies at various fields, changing their relative weights to bave an overall balance of 
aberrations throughout the Field ofView. 
The polychromatic optimization performed for the four materials employed the three 
wavelengths, ali with the same importance, namely putting equal weight in the optimization 
procedure: this is not completely correct, since the spectral contribution of each wavelengtb 
is for sure different; however it is not precisely known yet, so for this first approach to the 
spectral optimization it was decided to pursue this way. Later in this chapter and in chapter 
VI, though, other optimizations using different weights will be disclosed and explained. 
Again, as was pointed out in chapter m about the definition of RMS spot diameter, when a 
design involves more than one wavelength that definition must deal with the associated 
weight. In this case, Code y® software uses a slightly different version of RMS spot radius 
definition than before, which accounts for it and which reduces to the originai version when 
weights are equal (ORA, 2001). For a ray-tracing program, the change of spectral weight 
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corresponds to a variation of the number of traced rays for that wavelength, reducing or 
increasing its importance with respect to the remaining spectrum. The optimization of a 
polychromatic design can vary with respect to the choice of the spectral weights; al so, for a 
given design the output is modified with respect to the change of weights. The latter can 
easily be demonstrated through an example, shown together with the considerations in TPX. 
Another issue related to these new configurations is the search for good performances 
(depending on the material's properties) for an entrance pupil diameter as big as possible. 
The Strawman design was indeed characterized by an EPD of about 1900 mm, which is 
slightly smaller than the optimum minimum science requirements (i.e. 2000 mm). Reducing 
the entrance aperture leads to diminish the amount of light that passes through the system, so 
that the signal is reduced, too. Therefore, a constraint added in these optimizations, besides 
the need of an acceptable resolution even in intermediate fields, is to obtain an EPD as big as 
possible, keeping the output within the required performances. Apart from the PMMA 
monochromatic case that will remain around 1900 mm EPD, it will be shown that the 
minimum EPD is 1920 mm with peaks up to 1950 mm. No bigger pupils were possible, since 
the aberration contribution is directly proportional to the dimensions of the entrance pupil. 
All the designs present an fì'number around 1.25, depending on the optimized configuration, 
and consequently the EFL is on average a little bit larger than in the baseline design. 
As previously said, the optimization trials via lenses segmentation want to exploit ali the 
existing degrees of freedom, making use of this possible fabrication procedure in order to get 
less fuzzy spots. At this preliminary phase, though, the main purpose is to show the 
feasibility and the effective improvements of such a design. So far, all the "segmented" 
configurations are constrained to be monochromatic; besides not ali the degrees of freedom 
were equally used, because of some limits in Code y® software. Specifically, since on this 
study the concept of non-sequential surfaces was utilized, big discontinuities among the 
different sections of the lens would bave been very difficult to controL It was therefore 
decided to keep the same base curvature over the entire lens and to change only the 
parameters related to the prescription surfaces. In the future the resolution of this issue will 
give room to a further implementation of the configurations. 
Ali the observations reported in chapter m being stili valid, the comparisons among the 
encircle energy performances of the designs were chosen to pass through the 90% data. The 
main features of these layouts are all presented in appendix D in order not to make this 
chapter too heavy. 
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a. The PMMA configurations 
The Strawman design's biggest 90% EE was listed in chapter III as 6.85 mm at 20°. But in 
intermediate fields, precisely at 16°, it reacbes its real worst performances, i.e. around 9 mm, 
wbicb is tbe reason tbat led to re-consider even bis monochromatic configuration. Tbe new 
one accounts for ali tbe fields. 
Table 5.3 gives tbe output while Tab. D.l reports the mam features of tbe new 
monochromatic design. Tbe plots are depicted in Figs. 5.1 to 5.4, at tbe end ofthis paragraph. 
Fie l d RMS Spot Diameters Encircled Energy (mm) 
(mm) (80% /90% /100%) 
o o 1.21 1.51/1.98/2.06 
100 3.44 4.32/ 5.51/7.90 
20° 3.95 4.71/5.94/9.25 
25° 3.00 3.43/4.29/7.72 
30° 4.06 5.16/5.87/10.49 
Tab. 5.3. RMS Spot Diameters and Encircled Energies for the new monochromatic PMMA 
configuration. Worst 90% EE is 5.94 mm for 20°. 
A fast comparison with the Strawman design performances shows immediately that the 
maximum 90% EE blur was reduced from 9 mm to around 6 mm, providing a better 
resolution in intermediate fields but maintaining more or less tbe same pupil aperture and the 
macra-scale parameters, sucb as the overall dimensions. Instead, basic characteristics of 
prescription surfaces as well as the focal surface shape bave bad a more sensitive variation. 
Even tbe RMS improves, obtaining a reduction of the maximum blur of about balf a 
millimeter, and with its effective focal length the 0.1 o resolution requirement is respected. 
On-axis tbe spot is very compact, as demonstrated also by the steep encircled energy curve 
for this field (Fig. 5.3). Maximum distortion (for 30°) is a little bit less tban before: -12.33%. 
A fast parentbesis is suitable at this point: since new PMMA designs are being considered, it 
is wortb to sbow bow a layout witb a different f/number would bebave. Tbe following f/1 .15 
case, wbose more detailed information is reported in Tab. D.2, shows acceptable 
performances, witb a slightly bigger entrance pupil and a sborter effective foca} lengtb (and 
also overalllength). In particular, the blurring is a little bit worse over the entire FOV and the 
resolution is sligbtly beyond the requirements (around 0.12° at worst). Recalling wbat 
explained in cbapter m, one would expect in this case a smaller image surface. In fact, from 
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2250 mm for the f71 .25 Strawman design and 2270 mm for tbe new f/1.25 one, now that 
surface reduces to about 2090 mm (stili dealing with real, not paraxial, data that include tbe 
effect ofbarrel distortion). 
Field RMS Spot Diameters 
Encircled Energy (mm) 
(mmj _(80% /90% /100%) 
o o 3.74 5.92/6.97/7.23 
100 4.39 5.63 / 6.75/9.34 
20° 4.26 5.46 l 6.59 / 9.48 
25° 3.83 4.61 l 6.04 l 9.43 
30° 4.31 4.44 l 6.15 l 10.94 
Tab. 5.4. RMS Spot Diameters and Encircled Energies for the f/1.15 monochromatic PMMA 
configuration. 
However, wbat looks different is the quasi-uniformity of the spot shapes ali over the FOV, 
and the dose slopes ofthe EE curves (Figs. 5.6 & 5.7), as is also evidenced comparing the 
data ofthe biggest EE in Tab. 5.4 in the FOV. To achieve these results, the focal surface is 
more "aspheric" than before, as depicted in Fig. 5.5 (where it is drawn beyond its effective 
boundaries). 
The monochromatic design with optimization of the segmented parts is bere presented. It is 
clear that the performances are far better (Tab. 5.5), even with a maximum improvement of 
almost half a millimeter in the 90% EE worst case (i. e. at 20°). It is really promising for the 
development of this technique, even though it cannot tame alone the huge amount of 
chromatic aberrations when dealing with the three wavelengths together! 
Field RMS Spot Diameters Encircled Energy (mm) 
(mm) (80% /90% /100%) 
o o 3.07 2.60 l 5.12 l 13.14 
10° 3.16 3.81 l 4.47 l 6.61 
20° 3.65 4.45 l 5.53 l 9.05 
25° 2.99 3.75 l 4.30 l 8.23 
30° 3.38 4.09 l 5.01 l 7.49 
Tab. 5.5. RMS Spot Diameters and Encircled Energies for the segmented monochromatic PMMA 
con:figuration. Worst 90% EE is 5.53 mm at 20°. 
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Fig. 5.9 presents the layout, both in 2-D and in 3-D. In the first one the segmentation is not 
visible, but it allows drawing a qualitative comparison with the classica} monochromatic 
design: the overall design is in fact more or less the same. Hence the improvement is mainly 
due to the split independent optimization of the power of the three sectors making up the two 
lenses. 
I t has been discovered that such a technique bas the effect of worsening some fields, resulting 
in a spot surrounded by small "satellites" (Fig. 5.10). That leads to a wide diameter for 
containing ali the energy associated, with respect to the ones containing smaller percentages 
of energy (Fig. 5.11). AJso, this effect removes the quasi-gaussian shape even on axis. This 
feature disappears for otber off-axis fields, as is evident looking at the smaller l 00% EE data. 
Then, it was tbe turn of the polychromatic case: because of the huge dispersion for PMMA, 
very blurred spots were already expected even for the best optimization of the three 
wavelengths together. 
Field 
RMS Spot Diameters Encircled Energy (mm) 
(mm) (80% l 90% l 100%) 
o o 31.13 42.72/49.54/55.41 
100 30.69 41.92/48.02/63.13 
20° 29.72 39.92 l 49.15/62.59 
25° 29.11 39.19/47.84/65.24 
30° 31.06 41.06/49.56/73.80 
Tab. 5.6. RMS Spot Diameters and Encircled Energies for the polychromatic PMMA configuration. 
AJI the spots are very fuzzy (Fig. 5.14}, practically chromatic aberration for the two extreme 
wavelengths is so dominant all over tbe FOV that the shapes are ali similar and the EE curves 
bave practically the same conduct (Fig. 5.15). Moreover, this configuration presents very 
curved lenses and a strongly aspheric focal surface: this is the effect of trying to control the 
aberrations. As a result, though, the maximum diameters are smaller (Fig. 5.13). 
These are the best obtained performances and they are terribly away from the requirements. 
AJthough tbe EPD is relatively big (1954 mm}, the distortion is small and the flnumber is 
1.228, even changing some of these parameters would not give much better results. 
It is clear that if the purpose is to have the usual resolution achievements also all over the 
spectrum, a simple curved double-sided PMMA Fresnel lenses configuration is not enough. 
Different ideas must come out that allow reducing these aberrations. 
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Fig. 5 .l. The monochromatic PMMA layout. 
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Fig. 5 .2. Spot Diameters for the monochromatic PMMA design. 
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Fig. 5.4. Astigmatic and distortion curves for the monochromatic PMMA design. 
Biggest distortion is - 12.33%. 
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Fig. 5.5. The monochromatic f/1.15 PMMA Layout. 
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Fig. 5.6. Spot Diameters for the monochromatic f/1.15 PMMA design. 
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Fig. 5.7. Encircled Energy for the monochromatic f/1.15 PMMA design. 
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Fig. 5.9. The segmented monochromatic PMMA layout, in 2-D Oeft) and 3-D (right). 
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Fig. 5.10. Spot Diameters for the segmented monochromatic PMMA design. 
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Fig. 5 .11. Encircled Energy for the segmented monocbromatic PMMA design. 
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Fig. 5.13. The polychromatic PMMA layout. The drawn fields referto 357 nm. 
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Fig. 5.14. Spot Diameters forthe polychromatic PMMA design. 
Green spot is for À. = 357 nm; red is for À. = 337 nm, blue is for À. = 391 nm. 
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Fig. 5.15. Encircled Energy for the polychromatic PMMA design. 
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Fig. 5.16. Astigmatic an d distortion curves for the polychromatic PMMA design. 
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b. The TPX configurations 
Among the considered materials, TPX is the one with the lowest dispersion, so it is expected 
that a clever optimization for the three wavelengths produce good performances. Its 
monochromatic results are first presented. 
Field 
RMS Spot Diameters Encircled Energy (mm) 
(m m) (80% l 90% l 100%) 
o o 2.11 3.02/3.28/3.84 
100 3.13 3.92/4.24/5.49 
20° 3.94 4.35/ 5.65/9.27 
25° 3.38 3.84/5.03/8.83 
30° 4.14 4.98/5.73/10.74 
Tab. 5.7. RMS Spot Diameters and Encircled Energies for the monochromatic TPX configuration. 
Worst 90% EE is 5.73 mm at 30°. 
It seems immediately evident how suitable this material would be for EUSO purposes: a 
1920 EPD, f/1.25 configuration (Tab. D.10) obtains a superb result for all the FOV (Figs. 
5.19 & 5 .20). In fact, a monochromatic design is related to the chosen material mainly by its 
index of refraction at the given wavelength. This configuration does not need to stress the 
construction parameters that define the lenses as well as the overall design the get the quality 
provided (as is visible in Fig. 5.18). Hence, for the constraints that EUSO undergoes the TPX 
index of refraction is more suitable than the PMMA o ne. 
Then, a similar configuration with the segmentation is presented (Figs. 5.22 through 5.25). 
Field 
RMS Spot Diameters Encircled Energy (mm) 
(mm) (80% l 90% l 100%) 
o o 2.60 3.64/3.83/ 5.88 
100 3.21 3.84/4.51/7.18 
20° 4.01 4.39/ 5.74/12.31 
25° 3.49 4.04/5.22 / 10.24 
30° 4.24 5.17 / 5.80 / 10.54 
Tab. 5.8. RMS Spot Diameters and Encircled Energies for the segmented monochromatic TPX 
configuration. Worst 90% EE is 5.8 mm at 30°. 
For TPX the segmentation method does not significantly better the system, although it is stili 
below the threshold of required resolution (the worst case reports a 0.1 o resolution, recalling 
that the EPD is 1920 mm for this configuration). It may be explained by the fact that the 
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starting point, namely the classica] monochromatic design, was giving already good results, 
creating some difficulty in a further lowering of the aberration contributions in the 
segmentation procedure of the three elements with three slightly different powers. For sure 
some improvements would still be possible, but they are not necessary at this point, leaving 
tbem for a future moment when dealing with ali the wavelengths. 
Apart from having a good index of refraction as a starting point for one wavelength, TPX is 
characterized by a very small dispersion in EUSO spectrum. This is extremely convenient 
because it means that all the three wavelengths behave similarly and therefore the whole spot 
can be relatively contained. The demonstration is the following polychromatic configuration 
(Figs. 5.26 through 5.29). 
Field 
RMS Spot Diameters Encircled Energy (mm) 
(mm) (80% /90% /100%) 
o o 6.17 8.22 l 9.88 l 13.83 
100 6.38 7.91 l 9.46 l 15.51 
20° 6.99 8.68 l 10.90 / 17.25 
25° 6.74 8.43 l 10.13/15.68 
30° 6.82 8.54 l 10.66 /21.61 
Tab. 5.9. RMS Spot Diameters and Encircled Energies for the polychromatic TPX configuration. 
Worst 90% EE is 11.05 mm at 22°. 
As usual, the dominant aberration contribution is the chromatic one, even though far less than 
for the other materials. So, in the associated spot (Fig. 5.27) it is stili possible to distinguish 
some shapes related to other aberrations, which are hidden usually by the dispersion effects. 
The distributions of rays within the spots are similar o ne another, as depicted by the encircled 
energy plot (Fig. 5.28): bere, the curves bave almost ali the same slope. Besides, the 
distortion is lower than before, so the maximurn focal surface aperture is just slightly smaller 
than the lenses' maximum diameter. Tbe worst performances blur the resolution up to 0.17°, 
whicb is still an excellent value for a polychromatic con:figuration. 
One could al so decide to worsen these performances in arder to increase the aperture of the 
entrance pupil. This was indeed done to prove the goodness of the TPX choice: another 
configuration (not reported bere) allowed an EPD of 1942 mm fora maximum 90% EE of 12 
mm at 30°: it implies tbat there is always room to worsen some (already very good) 
performances to fit some other constraints or requirements. Obviously it is possible to 
enlarge more the entrance pupil, but this depends on how big one can stand the spots. 
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This well-behaving configuration aUows examining some issues related to the change in 
spectral weights. As said before, for a given design the change of spectral components 
modifies the spot sizes. In this case the design was equally optimized for ali the three 
wavelengths, but it reacts differently when unbalancing the spectrum. Working only on-axis 
for easiness, the spots for equal weights, 70%, 40% and 10% weights of 337 and 391 nm 
with respect to 357 nm, are presented in Fig. 5.17. The spot size response is easily 
observable: from an RMS diameter of 6.17 mm, the performances fall to 5.04 mm, 3.97 mm 
and 2.52 mm, respectively. This is due to the fact that the relative importance of the latera} 
wavelengths falls down and the corresponding traced rays are less than in the first case. 
Therefore the spot dimension is determined mostly by the distribution of rays for the centrai 
wavelength, whose single blur worsens a little bit as expected, since the configuration is not 
optimized only for that one. 
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Fig. 5.17. Spectral weight vaòations for the polychromatic TPX design. From left to òght: weight 
reduction for 337 nm and 391 nm (red and blue rays) with respect to the fixed weight for 357 nm 
(green rays). 
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Fig. 5.18. The monochromatic TPX layout. 
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Fig. 5.19. Spot Diameters for the monochromatic TPX design. 
106 
U:OO:U 
EUSO:f/1 .25 Double F 
resnel in TPX 
AZ 26-Nov-02 
L O 
l 
0 . 9 ( f 0 . 8 
~-~? o. 7 .. 
0 . 6 ' 
,/" l 
0 . 5 ~ ~ __. 
O.< 
0 . 3 
0 . 2 
y 
~ 
• l 
(0 . 000, 0 . 000) DEGREES 
(0.000, 10. 00) DEGREES 
(0.000, 20 . 00) DEGREES 
(0 . 000, 25 . 00) DEGREES 
(0 . 000, 30.00) DEGREES 
0. 00000 
1.07376 2.14752 3.22128 -4 . 2950.f 5. 36879 6 .44 255 ? . 51631 8 . 59007 9 . 6638310 . 73759 
DIAMETER OF CIRCLE (MM) 
Fig. 5.20. Encircled Energy for the monochromatic TPX design. 
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Fig. 5.21 . Astigmatic and distortion curves for the monochromatic TPX design. 
Biggest distortion is - 11 .66%. 
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Fig. 5.22. The segmented monochromatic TPX layout, in 2-D (left) and 3-D (right). 
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Fig. 5.23. Spot Diameters for the segmented monochromatic TPX design. 
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Fig. 5.24. Encircled Energy forthe segmented monochromatic TPX design. 
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Fig. 5.25. Astigmatic and distortion curves for the segmented monochromatic TPX design. 
Biggest distortion is -11.61%. 
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Fig. 5.26. The polychromatic TPX layout. The drawn fields referto 357 nm. 
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Fig. 5.27. Spot Diameters for the polychromatic TPX design. 
Green spot is for À. = 357 nm; red is for À. = 337 nm, blue is for À. = 391 nm. 
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Fig. 5.28. Encircled Energy for the polychromatic TPX design. 
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Fig. 5.29. Astigmatic and distortion curves for the polychromatic TPX design. 
Biggest distortion is - 9.85%. 
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c. The Zeonex configurations 
With this material the performances are a little bit worse than for PMMA, and far from 
TPX's exploit. As before, the cause is related to the index of refraction of Zeonex for 357 
nm, which forces the constrained design not to ameliorate the previous results. 
For the monochromatic configuration (Figs. 5.30 through 5.33, Tab. D.l4), the output is 
comparable to the one with PMMA, even though some spots are larger and the worst 90% 
EE case is around l mm bigger. But in this case the entrance pupil is also a little bit larger 
(1930 mm), partially accounting for this srnall worsening. However, the worst achieved 
resolution is stiLL acceptable: 0.11 o for this fl1.24 system. In generai, the design has not been 
stressed very much, as is visible from Fig. 5.30. 
Field 
RMS Spot Diameters Encircled Energy (mm) 
(mm) (80% l 90% l 100%) 
o o 1.90 2.95 13.16 13.26 
100 4.19 5.20 16.43 l 9.09 
20° 4.46 5.24 16.65 19.78 
25° 3.41 3.72 l 5.39 19.11 
30° 4.34 4.97 16.11 1 11.06 
Tab. 5.10. RMS Spot Diameters and Encircled Energies for the monochromatic Zeonex 
configuration. Worst 90% EE is 6.93 mm at 17°. 
Again, a trial with the segmentation process was done, and the results are bere presented 
(Figs. 5.34 through 5.37). 
Field 
RMS Spot Diameters Encircled Energy (mm) 
(m m) (80% l 90% l 100%) 
o o 2.09 2.25 l 4.00 l 5.24 
100 3.70 4.68 15.37 16.45 
20° 3.80 4.52 l 5.86 l 9.07 
25° 2.99 3.691 4.39 l 7.10 
30° 4.42 5.34 16.27 1 11.40 
Tab. 5.11. RMS Spot Diameters and Encircled Energies for the segmented monochromatic Zeonex 
configuration. Worst 90% EE is 6.27 mm at 30°. 
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The segmentation process using Zeonex provides an enhancement of the performances, 
although limited, that leaves good hopes when working with all the three wavelengths in the 
future. For this case, the optimization routine yields a slightly bigger flnumber than in the 
classica} optimization way, as also for the overalllength (Tab. D.lS). 
T o end with the configurations using Zeonex, the polychromatic case (depicted in Figs. 5.38 
through 5.41 and described in Tab. D.l6) gives the following performances: 
Fie l d 
RMS Spot Diameters Encircled Energy (mm) 
(mm) (80% l 90% l 100%) 
o o 12.93 16.31 l 19.78 l 26.44 
100 12.65 16.40 l 19.13 l 27.97 
20° 12.46 16.61 l 20.35 l 28.73 
25° 11.81 16.12 l 19.08 l 31.11 
30° 12.70 17.24 l 20.21 l 36.45 
Tab. 5.12. RMS Spot Diameters and Encircled Energies for the polychromatic Zeonex configuration. 
Worst 90% EE is 20.5 mm at 19°. 
For this case the blurs are wide (the resolution is on average 0.3°), as foreseen because ofthe 
material' s dispersion behavior, comparable to the one for PMMA. The strong bending ofthe 
lenses does not previde an acceptable effort to tame the chromatic aberrations, which 
uniformly spread the spots over the entire field (Fig. 5.39), as is demonstrated by the 
comparable slope of the encircled energy curves (Fig. 5.40). Such a configuration at this 
point is therefore not suitable for EUSO purposes. 
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Fig. 5.30. The monochromatic Zeonex layout. 
FIELD r----------------.----------------
POSITION l 
0.00, 1.00 
0.000, 30.00 
0.00, 0.81 
o.ooo. 25.00 
0.00, 0.63 
0.000, 20 . 00 
0 . 00, 0.31 
0 . 000,10.00 
0.00, 0 . 00 
o. 000, o.ooo 
-•·. . .... --. . . . ... 
.. -
• 
DEFOCUSIIIG O. 00000 
1.24 * 
EUSO:f/1 . 25 Monoch Double Fresn-Zeonex 
Fig. 5 .31 . Spot Diameters for the monochrornatic Zeonex design. 
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Fig. 5 .32. Encircled Energy for the monochromatic Zeonex design. 
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Fig. 5.33. Astigmatic and distortion curves for the monochrornatic Zeonex design. 
Biggest distortion is -12.14%. 
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Fig. 5.34. The segmented monochromatic Zeonex layout, in 2-D (left) and 3-D (rigbt). 
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Fig. 5.35. Spot Diameters for tbe segmented monochromatic Zeonex design. 
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Fig. 5.36. Encircled Energy for the segmented rnonochromatic Zeonex design. 
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Fig. 5.37. Astigmatic and distortion curves for the segmented monochromatic Zeonex design. 
Biggest distortion is -l l. 61%. 
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Fig. 5 .38. The polychromatic Zeonex layout. The drawn fields referto 357 nm. 
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Fig. 5.39. Spot Diameters for the polychromatic Zeonex design. 
j 
Green spot is for ì.. = 357 nm; red is for À. = 337 nm, blue is for ì.. = 391 nm. 
118 
11:22:11 
,.. 
l'l 
a: 
w 
z w 
o 
w ..... 
li 
H 
(.) 
z 
w 
EUSO f/ 1 . 25 Polychro 
matic with Zeonex 
(0.000, 0.000) DEGREES 
(0.000, 10. 00) DEGREES 
(0.000, 20 . 00) DEGREES 
(0.000, 25.00) DEGREES 
(0. 000, 30 . 00) DEGREES 
AZ 
1.0 
0.9 
0.8 
o. 1 
o. 
o.s 
o.c 
0.3 
26-Nov-02 
DEFOCUSING O. 00000 
~ 
3.~4S 7.2890 10.9335 H.5?fJO 18.2225 21.8670 25. 5115 29.1560 32.8005 3Ei . 4450 
DIAMETER OF CIRCLE (MM) 
Fig. 5 .40. Encircled Energy for the polychromatic Zeonex design. 
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Fig. 5.41. Astigmatic and distortion curves for the polychromatic Zeonex design. 
Biggest distortion is - 7.84%. 
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d. The CYTOP configurations 
CYTOP is the material, among the chosen ones, with the second smallest dispersion 
coefficient after TPX. With an entrance pupil of 1920 mm, it allows good results in this 
waveband for the entire FOV, without an excessive stressing of the parameters defming the 
structure. Its index of refraction for the 357 nm line is very suitable to fit the required 
performances, as demonstrated by the monochromatic layout presented in Figs. 5.42 through 
5.45 and in Tab. D.l8: 
Field RMS Spot Diameters 
Encircled Energy (mm) 
(m m) (80% l 90% l 100%) 
o o 1.73 2.29 l 2.62 l 2.77 
100 2.41 2.57 l 3.03 l 6.08 
20° 3.23 4.16 l 4.67 l 8.32 
25° 3.16 3.89 l 4.35 l 7.83 
30° 3.15 3.66 l 5.11 l 8.31 
Tab. 5.13. RMS Spot Diameters and Encircled Energies for tbe monochromatic CYTOP 
configuration. Worst 90% EE is 5.11 mm at 30°. 
The worst-case performances do not even reach 0.1 °, with a fairly classica] configuration. 
This materia] is very promising, as far as the computer simulation regards. 
Next is the segmented monochromatic design (Figs. 5.46 through 5.49). 
Field 
RMS Spot Diameters Encircled Energy (mm) 
(m m) (80% l 90% l 100%) 
o o 1.78 2.17 12.42 12.61 
100 2.80 2.57 l 3.03 l 1.19 
20° 3.10 4.00 l 4.55 l 6.13 
25° 3.43 3.97 l 4.45 l 15.20 
30° 3.44 3.66 l 4.78 l 17.69 
Tab. 5.14. RMS Spot Diameters and Encircled Energies for tbe segmented monochromatic CYfOP 
configuration. Worst 90% EE is 4.8 mm at 23°. 
The srnall "satellite spots" around the main cores, especia1ly off axis, are the reason why the 
l 00% encircled energy data are so big with respect to smaller encircling diameters. This 
effect of segmentation was already found for other materials, but it does not compromise the 
ability that this method has to better the peiformances. 
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Finally, the polychromatic case was analyzed and is bere reproduced (Figs. 5.50 through 
5.53). 
Fie l d 
RMS Spot Diameters Encircled Energy (mm) 
(m m) (80% l 90% l 100%} 
o o 5.49 7.51/7.65110.51 
100 5.91 6.76 l 8.09 l 13.00 
20° 5.77 6.82 l 8.59 l 14.80 
25° 5.85 7.12 l 9.21 l 14.15 
30° 6.47 7.93 l 9.83 l 17.92 
Tab. 5.15. RMS Spot Diameters and Encircled Energies for the polychromatic CYTOP configuration. 
Worst 90% EE is 9.83 mm for 30°. 
The polychromatic layout does not differ significantly from the monochromatic one. 
Moreover, its performances, with a worst-case angular resolution of 0.15°, are even better 
than the TPX (that reached 0.17° worst-case): this puts the last polychromatic design on the 
top of the best ones from the opticaJ point of view. 
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Fig. 5.42. The monochromatic CYTOP Layout. 
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Fig. 5.43 . Spot Diameters for the monochromatic CYTOP design. 
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Fig. 5.44. Encircled Energy for the monochromatic CYTOP design. 
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Fig. 5.45. Astigmatic and distortion curves for the monochromatic CYTOP design. 
Biggest distortion is -13.45%. 
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Fig. 5.46. The segmented monochromatic CYTOP Jayout, in 2-D (Jeft) and 3-D (right). 
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Fig. 5.47. Spot Diameters for the segmented monochromatic CYTOP design. 
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Fig. 5.48. Encircled Energy far the segmented monochromatic CYTOP design. 
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Fig. 5.49. Astigmatic and distorti an curves for the segmented monochromatic CYTOP design. 
Biggest distortion is -13.45%. 
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Fig. 5.50. The polychromatic CYTOP Layout. The draw-n fields referto 357 nm. 
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Fig. 5 .51. Spot Diameters for the polychrornatic CYTOP design. 
Green spot is for A.= 357 nm; red is for A.= 337 nm, blue is forA. = 391 nm. 
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Fig. 5.52. Encircled Energy for the polychromatic_ CYIPP design. 
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Fig. 5.53. Astigmatic and distortion curves for the polychromatic CYTOP design. 
Biggest distortion is -13 .26%. 
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5. The difTerent optimization 
It has been demonstrated so far that a good polychromatic configuration can be achieved only 
if the plastic' s dispersion is not too high in EUSO working waveband. This feature only 
belongs to TPX and CYTOP, while alt the others result in unacceptable blurring. So, it would 
seem straightforward to tak:e into account only these two materials and abandon the others. 
But before doing that, we must be sure that there are not other means to get out of the 
problem. One way will be presented in the next chapter; another one deals with a different 
presentation ofthe problem, and will be discussed bere. 
There are other issues related to science and detection techniques that can come to help 
solving the dilemma, changing somehow this confinement given by refractive optics into an 
advantage. As pointed out in chapter n, one of the peculiarities of EUSO rnission is the 
planned ability to detect upward -r Cherenkov events. However, Cherenkov light is detectable 
as a small pulse within l GTU. On the other side, EUSO must deal with a random noise 
occurring in one pixel, which does not give hope to the T Cherenkov trigger with the actual 
EUSO configuration. lt has been estimated that the cosmic radiation on orbit has a frequency 
around l 0-6 per GTU in one pixel, providing a too high background rate for permitting a 
reliable detection of upward T neutrinos. If instead Cherenkov light would spread in 2x2 
pixels, the rate of false events would reduce to around 10"19 per GTU. In conclusi o n, as long 
as an equally weighted optimization is pursued, this mission will not be able to discriminate 
true upward T events from background (Takahashi, 2002a). The new conception initiates 
from the double advantage that is at band: the enhancement of Cherenkov light towards the 
shorter wavelength (i.e. the 337 nm line), and the lack of achromaticity of any refractive 
element, which allows handling a chromatic control. Contemplating a standard optimization 
of only the 357 and 391 nm wavelengths yields a more successful taming of chromatic 
aberrations (the dispersion is smaller in a smaller waveband), while the spot corresponding to 
the 337 nm gets bigger than the required pixel size dimension, and with a correct process it 
could be constrained within 2x2 pixels. This chromatic blurring of 337 nm line would not 
deprive the mission from satisfactorily recording of the fluorescence events, though. 
Moreover, the spread optical identification of Cherenkov light provides an additional power 
for the EUSO observation of regular downward showers, for the same motivations. 
For these theoretical reasons a different version of all the four polychromatic configurations 
was elaborated by taking into account a more accurate optimization only for the 357 nm and 
391 nm wavelengths, leaving meanwhile the 337 nm line contribution blur possibly within a 
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factor of 2 with respect to the other two spots. Bes i d es the RMS and EE table output, for each 
configuration also some figures are presented. Specifically, the comparisons between the EE 
plots and the RMS spot diameters for the two spectral components are depicted; instead, the 
design's layouts as well as the plots of distortion and astigmatism refer only to the optimized 
part. More details about the design are reported in appendix D. 
There is stili not way to get acceptable results using PMMA: its dispersion is so high in 
EUSO wavelength range that even a reduced band like this does not compact the spots 
enough to be detected within one or a few pixels (Fig. 5.54 and Tab. 5.16). The partial 
contro l of aberrations was also carri ed out via a strong lens bending ( especially for the 
second lens), as demonstrated also in Tab. D.5. It seems evident that this materia! cannot 
achieve EUSO's purposes with the usual conceptions. 
RMS Spot Diameters Encircled Energy (mm) 
Field (mm) (80% /90% /100%) 
357 & 391 nm 337nm 357 & 391 nm 337nm 
o o 20.04 54.11 24.27 l 26.1 o l 33.65 67.76 l 72.11 l 74.86 
10° 20.18 54.54 26.26 l 28.55 l 35.02 68.78 l 73.91 l 82.38 
20° 19.93 50.47 25.50 l 29.26 l 38.05 64.05 l 70.74 l 81 .94 
25° 19.49 47.86 24.58 l 28.34 l 36.28 60.54 l 67.92 l 79.94 
30° 20.44 47.34 25.80 l 31.12 l 55.21 58.14 l 66.41 l 81.63 
Tab. 5.16. RMS Spot Diameters and Encircled Energies for the polychromatic PMMA configuration 
with the two upper wavelengths optimized. 
As foreseen, the TPX case is more relaxed: the entrance pupil is smaller than for PMMA 
( 1911 mm vs. the previous 1954 mm), the overall configuration is longer (but stili around 
3500 mm), an in the whole this design does not differ too much from the classica} 
polychromatic layout (Tab. D.13). Obviously, the two upper wavelengths have less fuzzy 
spots, with an improving of about l mm RMS with respect to Tab. 5.9 (now the worst 
angular resolution is around 0.14° for the optimized waveband and 0.24° for the first line). 
With this configuration, instead, the 337 nm wavelength performances worsen more 
significantly in the smaller fields (Fig. 5.55), where are stabilized with a double spot size 
with respect to the worst 357-391 nm results. 
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RMS Spot Diameters Encircled Energy (mm) 
Field (mm) (80% /90% /100%) 
357 & 391 nm 337nm 357 & 391 nm 337 nm 
o o 4.52 10.17 6.8717.3719.19 12.51 l 13.18113.27 
100 5.01 10.80 6.5611.50 l 9.95 13.02 l 13.62 l 15.63 
20° 5.34 9.39 6.861 8.44112.56 11.52112.52 l 16.48 
25° 5.06 8.70 6.5317.47 l 11.59 11.30 l 12.72114.33 
30° 5.98 9.46 7.5718.77117.55 12.51 l 13.85 l 16.90 
Tab. 5.17. RMS Spot Diameters and Encircled Energies for the polychrornatic TPX configuration 
with the two upper wavelengths optirnized. 
The Zeonex configuration improves as well with respect to the usual polychromatic design, 
because of the shrunk spectrum and therefore less dispersion considered. However, the fuzzy 
spot of the 3 3 7 nm component o n average still doubles if compared to the other spots, but 
with this design it reaches 4-5 pixels size (Tab. 5.18). That points out the little improvements 
that can be obtained with this material, even when reducing the spectrum and bending the 
lenses as is visible in Fig. 5.56. For this case the worst resolutions are 0.24° and 0.49°, 
respectively, far beyond the required one. 
RMS Spot Diameters Encircled Energy (mm) 
Fie l d (mm) (80% /90% /100%) 
357 & 391 mn 337nm 357 & 391 nm 337mn 
o o 8.67 20.98 10.78 l 12.77 l 15.64 24.71 l 26.66 l 29.71 
10° 9.02 21.88 11.81 l 13.41 l 17.09 27.03128.55 l 32.25 
20° 9.51 20.76 12.64 l 14.94 l 20.84 25.68128.06 l 34.32 
25° 8.83 19.36 11.64 l 13.84 l 21.88 24.52126.65 l 33.35 
30° 10.08 19.15 13.40 l 15.48 l 28.64 24.83 l 28.45 l 34.29 
T ab. 5 .18. RMS Spot Diameters and Encircled Energies for the polychromatic Zeonex con:figuration 
with the two upper wavelengths optimized. 
The Cytop layout ameliorates its performances (worst cases are 0.13° and 0.22°, respectively, 
from Tab. 5.19), and the blurred part ofthe waveband is less than doubled with respect to the 
optimized one, with a layout that is not stressed by excessive bending or other factors (Fig. 
5.57). Therefore, this material is suìtable for EUSO purposes (together with TPX), if ìt will 
be decided that the science objectives will lead towards this conception for the refractive 
system. 
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RMS Spot Diameters Encircled Energy (mm) 
Fie l d (mm) (80% l 90% l 100%) 
357 & 391 nm 337nm 357 &391 nm 337nm 
o o 4.41 9.14 6.0917.46 l 8.07 12.821 13.16113.32 
100 4.88 9.39 5.8817.32111.32 11.80112.83116.51 
20° 5.04 7.96 6.481 7.51111.20 9.69111.21/14.59 
25° 4.96 7.45 6.37 l 7.44111.50 9.59 1 10.86 l 13.23 
30° 5.49 7.92 6.97 l 8.71115.21 l 0.73111.47114.47 
Tab. 5.19. RMS Spot Diameters and Encircled Energies for the polychromatic CYTOP configuration 
with the two upper wavelengths optimized. 
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Fig. 5.54. The PMMA polychromatic design configured to optinùze the two upper wavelengths ofthe 
spectrum. Maximum distortion is -5.78%. 
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Fig. 5.56. The Zeonex polychrornatic design configured to optimize the two upper wavelengths ofthe 
spectrum. Maximum distortion is -7.78%. 
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Fig. 5.57. The CYTOP polychromatic design configured to optimize the two upper wavelengths of 
the spectrum. Maximum distortion is -l 0.25%. 
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6. Conclusions 
Many new configurations ha ve been presented in this chapter. The core of the dissertation 
was indeed to sbow tbat improvements in the design performances are stili realizable, thanks 
to clever choices among the range of the existing materials as well as appUcations of new 
ideas over the already defined system of double-sided curved Fresnel Jenses. 
Specifically, some materials (all plastics) were chosen on the basis of tbeir optical features 
and mechanical issues. Tben, on the selected ones detailed analyses were performed in order 
to understand their manufacturability, and meanwhile a set of optical designs was elaborated 
at the computer, simulating tbe performances for monochromatic Ught (at 357 nm), for 
equally weigbted polychromatic light and for a case where only the upper part of the 
waveband was properly optirnized. Besides, a new procedure for the implementation of the 
performances was presented, which exploits the fact that the lenses will be built in separate 
parts for easiness and then assembled together, although it was used only in the 
monochromatic cases, to be compared witb the classica! optimization routines. 
Purpose in this chapter was in fact to defme ali the design possibilities, showing advantages 
and drawbacks for eacb type of configuration with different materials. Successively, tbese 
results will be combined with the feasibility of expense and manufacturability and finally the 
decision about the best materia] for EUSO purposes will be taken. 
As foreseen, PMMA does not give good results when more than tbe centrai wavelengtb is 
concemed, mainly due to the huge dispersion tbat characterizes this plastic in EUSO working 
waveband. Hence, unless other ideas will come out to help taming the chromatic aberrations, 
from the pure optical point of view this materia} should be discarded. Optically, Zeonex is 
very closely related to PMMA, in the sense that also with the use of this plastic the 
polycbromatic design cannot reach the desired achievements. On the other side, CYTOP and 
TPX allow getting closer to the resolution specifications for the entire EUSO spectrum, albeit 
other issues, sucb as cost and weight for the first and manufacturing concems for the latter, 
are potential threats for their usage. 
Witb a standard configuration of Fresnel lenses as presented in the cbapter it has therefore 
been shown that some of these materials are not suitable, even though sometimes the 
correction of the chromatic aberrati o n was tried through a rougb manipulation of some sbape 
parameters defming the aspheric prescription surface and through a strong bending of the 
lenses. But neither solution could reduce tbese aberrations to acceptable values. 
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In this chapter it has also been presented the way the segmentation process, translated into 
the design optimization routines, acts upon the final results. Although the simulations 
regarded only one wavelength, it was demonstrated that this procedure has good 
potentialities; even the analysis in polychromatic Iight, which will be pursued in the next 
future, will tak:e advantage from it and ameliorate its performances. Successively, it will be 
also possible to draw a more detailed tolerance analysis adding the study of the contribution 
of each petal's misalignment to the whole output. 
These simulations say nothing about the amount of light lost due to scattering or the amount 
of noise induced by off-field flux. As already pointed out, this will be object fora subsequent 
step. Hence, the performances described in this chapter must be considered at their best, in 
the sense that the rea! results here obtained will be worsened for sure when tak:ing into 
account the Iight Iosses. 
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CHAPTER VI: 
FURTHER IMPROVEMENTS: 
DIFFRACTION GRA TING IN FRESNEL GROOVING 
l. Introduction 
EUSO technology has to satisfy some requirements produced by scientific specifications. 
The design of the telescope must obey these constrai.nts both in its final performances and in 
the construction methods, technological and economica} feasibility. At the end a suitable 
materia] for lenses fabrication must be chosen that allows giving the expected results within 
its fabrication limits. In this view, four plastics were chosen, and all of them were subjected 
to delicate analyses both for optical accomplishments and for mechanical stresses during the 
shaping. As already stated, this dissertation mainly deals with the first topic, leaving the latter 
to other teams' verifications but without ever loosing a Iook into their outcomes. 
The baseline optical design introduced in chapter ID is a monochromatic system optimized 
for 357 nm. Chrornatic aberrations limit its performances for the 337 and 391 nm 
wavelengths. Improvements to this design were advanced in chapter V, demonstrating 
essentially the feasibility of similar designs when dealing with other materials (besides 
PMMA) with smaller dispersion on the considered wavelengths. It was evidenced that with a 
classica} use of the curved double-sided Fresnel lenses system only TPX and CYTOP could 
provide good results both in monochromatic and polychromatic design; with the other 
materials acceptable performances were reduced only to the first case. Although it is planned 
to ameliorate the new conception of segmented optimization for the whole working 
spectrum, other considerations should be introduced into the optical design if it is not the 
time to reject any material, yet. 
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This chapter presents indeed a new optical tool that once applied in EUSO Fresnel lenses 
design helps to drastically diminish the chromatic aberrations. 
2. The microfaceting of tbe Fresnel lenses 
Some years ago, in order to bave a stronger control of the aberrations by exploiting more 
degrees of freedom, a new element was added in the PMMA polychromatic configuration 
between the two lenses. It was a flat lens whose first surface was defmed as a diffraction 
grating. The performances were improved to such an extent that scientific requirements were 
achieved all over the FOV (Takahashi, 2002a). That design demonstrated the feasibility of a 
complementarily between diffraction gratings and Fresneilenses. Unfortunateiy, weight and 
cost issues suggested that this layout was not the ideai one. A new conception was needed to 
still exploit the combination ofthese optical effects. It was therefore thought (Hillman, 2002; 
Takahashi, 2002a) to add the grating directly on the Fresnel surface: a curved Fresneliens 
with a micrograted surface was the designing goal for this new idea. 
A generi c diffraction grating is defined by the formula: 
(sin a+ sin~) = m A. 
d 
(6.1) 
where a is the incidence angle of the Iight on the grating and ~ is the diffracted angle (both 
with respect to the grating normal), d is the groove spacing and m is the diffraction order. 
Light is sent into a number of orders, and the efficiency is related to the chosen m. The 
efficiency T) in order mis given by (ORA, 2001a): 
(6.2) 
If 'A. = Ào, then T) = 1 for m = 1 and is zero for ali the other orders. Thus, the element has a 
diffraction efficiency of 100% for the design wavelength (that will be explained later). The 
diffraction efficiency is therefore wavelength dependent. Efficiency less that 100% will 
reduce the amount of energy that is being focused to the focal piane for the diffracted order 
ofinterest (Buralli, 1989; Palmer, 2002). 
There is more than one way to think a diffractive surface. Most probably for EUSO purposes 
a mechanicai/chemical procedure will be followed for the construction, as demonstrated by 
the successful tests made at the Institute for Chemical and Physical Research (RIKEN) in 
Japan (Uehara, 2001; Uehara, 2002). In this way, the (constant) depth ofgrooves should be 
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around l Jllll and the pitch variable from a few tens of microns up to 1 O mm steps, over a 
Fresnel substrate characterized by a possible constant depth of l mm (see appendix A). The 
optimum depth of microgrooves comes out from considerations about this kind of opti es: in 
order to get coherence, the phase modulation for a defined wavelength (the design 
wavelength) is controlled by an appropriate surface relief pro file over the part of the surface 
interested by diffraction. 
The maximum depth is then defined as: 
dmax = __&___ 
n-1 
(6.3) 
where n is the index of refraction of the medium and Ào the reference wavelength (Jordan, 
1970). This maximum depth corresponds therefore to a maximum phase modulation of2n. A 
surface obeying these rules is called a kinoform, and behaves as a rotationally symmetric 
diffraction grating. It differs from a normal Fresnel surface precisely in the definition of 
groove depth and so in the coherence of the resulting wavefront (see al so chapter 1). One of 
its most important features is the dependence of the focal length with respect to the 
wavelength (Stone and George, 1988): 
f(À) = Au fo 
À 
(6.4) 
where Ào and fo are the wavelength and focal length used in the making of the kinoform and 
fo is defined by the formula (Jordan, 1970): 
(6.5) 
Hence, the radius R of the lens and the number N of zones making the grooving surface 
determines the value of f0. Starting from these considerations, it is possible to obtain a 
formulation of the chromatic dispersion for a diffractive element which can be described 
through the diffractive V number (Chen, 1993; Davidson, 1992): 
(6.6) 
This number is generally negative, and is equal to - 3.452 in the visible range. The (6.6) 
reminds the definiti o n of the Ab be V formula for refractive elements, which is: 
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(6.7) 
and reflects the opposite sense of the dispersion when compared with that for norma! 
refractive elements. 
The ideation of a hybrid refractive-dif:lfactive optical system is some years old. It can be 
employed for instance in the piace of conventional achromatic doublets without 
compromising the leve! of aberration correction (and sometimes exhibiting even superior 
correction). Moreover, this is achieved with around half the volume of materia! (Wood, 
1991). These two processes can be combined to eliminate, or at least significantly reduce, 
chromatic aberrations thanks to the different sign of the dispersions, although the diffractive 
optical element adds in the system a certain amount of spherochromatism. This is essentially 
the variation of spherical aberration with wavelength, and this contribution must be taken 
into account when performing the overall optimization of the system. (Davidson, 1992; 
Stone, l 988). 
A complex configuration is manageable only through proper computer programs, because of 
ali the aberrations sources that must be contemplated besides the chromatic and 
spherochromatic ones. The application of this configuration to EUSO purposes is slightly 
more complicated: the mai n point is the replacement of o ne of the four Fresnel surfaces with 
a combination between a Fresnel discontinuity and a diffractive relief profile. That surface 
would therefore be formed by very small grooves defined by optimized parameters 
(specifying the diffractive surface) superimposed to the usual bigger Fresnel grooves, 
yielding only locallight coherence above them. 
The software used for the analyses, Code y®, can stili be exploited to simulate the presence 
of diffractive surfaces on the system as is conceived so far. However, the implementation of 
these surfaces in this software was formulated to emulate the recording the optically 
generated diffractive surfaces (i. e. holographic optical elements). In the computer simulations 
the diffractive surface, thought as a holographic optical element, is described by a continuous 
phase profile across the surface, approximating the real behavior of the diffractive element~ 
moreover it is assumed that the grating itself is infinitely thin. In generai, a holographic 
optical element is a diffraction grating formed by the interference of two coherent beams, 
creating an interference pattem which is recorded in a photosensitive medium: this is calJed 
the construction process, specified by the recording wavelength A.o and the location in space 
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oftwo point sources (Swanson, 1989). The simplest type ofholographic element is therefore 
constructed by interference of two spherical wavefronts, one from an object poi n t source an d 
the other one from another point referred to as the reference point source (ORA, 2001). 
Nevertheless, the set of phase profiles that Code y® has the ability to analyze is enriched by 
the introduction of a more generai function of x and y, making it possible to study a much 
larger subset of diffractive phase profiles than the one deriving from the two spherical 
wavefronts' interference. Owing to EUSO rotational symmetry, it was decided to use a 
rotationally symmetric polynomial, which, computed in lens units, is expressed in the even 
powers ofr as: 
(6.8) 
The coefficients Cn of (6.8) describe therefore the "aspheric" phase departure. lt is preferable 
to let (6.8) completely specify the diffractive phase function. This can be accomplished by 
ignoring in the simulations the two point source locations, putting them on the origin of the 
coordinates: with this action, the resemblance to the EUSO diffractive surface, which will be 
not holographically shaped, is closer. 
The recording light, usually set to be o ne of the principal wavelengths of the experiment for 
efficiency convenience, is here irrelevant, since the diffractive phase profile is computer 
generated instead of being optically generated (Swanson, 1989). For consistency it is 
preferable to set Ào equal to the center wavelength ofthe operating bandwidth orto the 357 
nm centrai wavelength. Instead, there is no inconsistency with what stated in eqs. (6.2) 
through (6.5): there, the design wavelength is not the theoretical recording one of the 
hologram, but it is the wavelength that defines the depth of grooves ofthe locally kinoform-
shaped surface, and for which the theoretical efficiency on a given order (typically +l) is 
therefore at 100% (Wood, 1991). 
3. The new configurations with diffractive surfaces 
Dealing only with PMMA configurations in order to see how much the performances for the 
worst-case plastic can improve, at first the Strawman design was recovered and one 
diffractive surface was added on the rear of its second lens. There are two main reasons why 
the diffractive surface was put there. First, the fourth Fresnel surface has both prescription 
and base curvatures of the same sign and not so different in value, so i t is probable that it will 
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have fewer grooves than, for instance, the preceding one, for which the signs are opposite. 
This means that adding the set of microgrooves defining the local kinoform on that surface is 
less troublesome also for machining. Second, a diffiactive surface is more effective at the end 
of the refractive system, when the behavior of ali the Fresnel surfaces has already defined the 
amount of chromatic aberration to be corrected. The first lens was left stili w bile distances, 
second lens and diffractive surface parameters were allowed to vary. For commodity, the 
construction wavelength was chosen to be 364 nm (the average value between 337 and 391 
nm). As previously said, in fact, the choice ofthis reference wavelength should not make any 
change. To be sure, a simulation that replaced the wavelength with the 357 nm line was done, 
too (although not reported bere): no major differences in performances were found. The 
desired order for computations was set to be + l. 
This layout is depicted in Fig. 6.1 and the results of the RMS spot size and the EE data (Figs. 
6.2 & 6.3) are reported in Tab. 6.1. More details about the parameters defining this 
configuration are listed in Tab. D.6. 
Field 
RMS Spot Diameters Encircled Energy (mm) 
(m m) (80% l 90% l 100%) 
o o 6.86 9.57 l 10.90 l 12.01 
100 7.59 10.08 l 10.84 l 13.99 
20° 9.20 12.10113.71 l 17.06 
25° 8.82 11.72113.16116.97 
30° 9.34 12.18115.13120.74 
Tab. 6.1. RMS Spot Diameters and Encircled Energies for the polychromatic PMMA layout with a 
single diffractive surface on the back ofthe second lens. Worst 90% EE is 15.13 mm at 30°. 
The great improvement is evident, if comparing Tab. 6.1 with Tab. 5.6 about the classica} 
polychromatic design: in this case, for equally weighted wavelengths the blurs are reduced 
from an average of30 mm RMS (and 49 mm 90% EE) to a medium value of8.4 mm RMS 
(and 12.7 mm 90% EE). The latter is only double the size of the spot requirements, and 
corresponds to about 0.2° angular resolution when dealing with this EPD = 1900 mm, f/# = 
1.237 system. This is an incredibly small spot for being a PMMA polychromatic 
configuration, recalling the high dispersion that characterizes this plastic. The overall size of 
this configuration is standard, namely no parameters have been stressed too much to obtain 
the above-mentioned performance, as was instead the case for the first polychromatic design. 
The only big difference with the classica} polychromatic layout is the value of the Entrance 
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Pupil diameter that in this case is the same as for the Strawman design. For sure this has 
helped in taming the aberrations, but only marginally. 
I t was then decided to create another configuration with a couple of diffraction surfaces, one 
on the front Fresnel surface of the first lens and the other again on the rear of the second 
Fresnel lens. The first surface was chosen as the place for the new diffractive surface owing 
to similar considerations: the first Fresnel surface has fewer grooves than the following one. 
Actually, it was also tried to create a configuration that would leave the first lens with only 
Fresnel cuts and would have the second lens shaped by both Fresnel and diffractive surfaces: 
the contro l of the aberrations was not as effective as in the case h ere described. 
For these simulations the reference wavelength was taken as 357 nm and the considered 
diffractive arder was again +l or both diffractive surfaces. The output relative to Figs. 6.5 
through 6.8 (reported at the end ofthe chapter) is listed in Tab. 6.2. 
Field RMS Spot Diameters Encircled Energy (mm) 
(m m) (80% l 90% l 100%) 
o o 4.27 5.71 l 7.12 l 8.37 
10° 4.69 5.7617.38114.31 
20° 5.27 6.81 l 9.26 l 13.26 
25° 4.88 6.24 l 7.74 l 12.54 
30° 5.88 7.77 l 9.10 l 18.26 
Tab. 6.2. RMS Spot Diameters and Encircled Energies for the polychromatic PMMA layout with two 
diffractive surfaces, one on the front ofthe first lens and one on the back ofthe second lens. Worst 
90% EE is 9.7 mm at 30°. 
Ideally, the performances improve again, as demonstrated in Tab. 6.2, yielding an average 
spot size that is around 3 mm RMS less than the previous results ( worst case here is O .14 o 
RMS angular resolution) and a more regular size ofthe 90% EE diameters over the FOV. For 
this configuration, which gives the best results for PM:MA among ali the solutions presented 
and studied so far, the optimization produced an Entrance Pupil bigger than in the previous 
case (1920 mm), although still smaller than for the classica} polychromatic design. 
Furthermore, the combination of powers defined by the first arder properties of the various 
lenses produce a design that is on the whole shorter than usual, only about 3490 mm from the 
first lens to the focal surface. 
To be consistent with the analyses presented in last chapter, one is curious to see how the 
configuration optimized for the two upper wavelengths reacts even when introducing first 
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only one diffractive surface and then two. So, a twin of the first case presented in this chapter 
was created whose scope is to ameliorate the output for the two upper wavelengths, although 
with a small difference in the followed optimization procedure: in this case (and also in the 
next one) the simulation was made by considering the three wavelengths together but 
differently weighted. That is, while in the preceding chapter the main goal was to better the 
two upper wavelengths' preformances as more as possible and consequently to see how the 
results for the lower one would come out, in this part of the work much weight was provided 
to the upper part of the spectrum but something was left even for the 3 3 7 nm line. It was 
decided not to maintain the usual procedure because it was foreseen that there would have 
been no need to drastically improve only the 357 and 391 nm lines, with the use of an 
additional diffractive element. 
For this configuration, the output is listed in Tab. 6.3 and its features are depicted in Fig. 6.9, 
where astigmatic curves and distortion plots refer to the two upper wavelengths, as usual. 
RMS Spot Diameters Encircled Energy (mm) 
Field (mm) (80% /90% /100%) 
357 & 391 nm 337nm 357 & 391 nm 337nm 
o o 4.85 17.73 5.73/5.89/11.11 20.83/21.79/23.77 
100 5.77 18.86 6.70 l 8.37/14.64 22.24/24.43/27.92 
20° 7.32 16.91 8.46/10.36 l 14.95 20.21/22.26/27.95 
25° 7.10 14.77 7.73 l 10.74 l 18.82 18.21/19.84/22.13 
30° 7.38 15.24 8.28/10.75/25.26 20.58/23.72/27.36 
Tab. 6.3. RMS Spot Diameters and Encircled Energies for the PMMA polychromatic design with a 
single diffractive surface on the back of the second lens, configured to optimize the two upper 
wavelengths ofthe spectrum. Worst 90% EE for the upper wave1engths is 13.47 mm at 30°. 
As was expected, the aberrati o n responsible for most of the degrading, the chromatic one, is 
reduced a lot, allowing the spot size to pass from an average of20 mm RMS (Tab. 5.16) to 6 
mm RMS for the two upper wavelengths. As is visible in Fig. 6.9, this configuration, which 
has a maximum distortion of - 11 .05%, is characterized by different slopes in the EE curves: 
as usual, for the two upper wavelengths the encircling diameter variations are evident 
especially for the highest energy percentages, while for the 337 nm line their slope is almost 
straight, since the distributions of rays are more uniform in the blurs for every field. 
Moreover, the achieved performances pass through an evident bending of the first lens. 
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Then, the case with the two diffractive surfaces was elaborated, and is here presented (Tab. 
6.4 and Fig. 6.1 0). 
RMS Spot Diameters Encircled Energy (mm) 
Fie l d (mm) (80% l 90% /100%) 
357 & 391 nm 337 nm 357 & 391 nm 337nm 
o o 2.45 7.11 3.30 / 4.27 / 4.92 8.92 l 9.15 l 9.98 
100 3.63 9.09 4.67 / 5.57 l 10.08 10.62 / 12.00 l 16.03 
20° 4.48 9.68 5.76 l 7.44 l 10.95 11.63 1 13.16 1 16.28 
25° 4.24 10.80 4.91 l 6.67 l 10.80 12.90 l 13.76 / 17.46 
30° 5.28 12.72 6.02 l 1.18 l 16.11 16.08 l 18.27 / 26.38 
T ab. 6.4. RMS Spot Diameters and Encircled Energies for the PMMA polychromatic design with two 
diffractive surfaces, one on the front of the fl.rst lens and one on the back of the second lens, 
configured t o optimize the two upper wavelengths of the spectrum.. Worst 90% EE for the two upper 
wavelengths is 7.78 mm at 30°. 
Obviously, the performances better again, while maintaining the same pupil aperture (1920 
mm). The maximum distortion is diminished to -10.03%~ the first lens bending has been 
reduced since part of the aberrations' control has passed now to the added degrees of 
freedom defining the second diffractive surface. AH the blurs, both for the better-optimized 
part of the spectrum and for the other wavelength, are smaller, although the worsening 
towards the bigger fields is evident, and finally also in the lower wavelength case the blurs 
start to have a shape that shows the effects of other aberrations, besides the defocus due to 
axial color. 
These last two designs maintain a pupil of 1920 mm but the best optimizations let the 
f/number pass from f/# = 1.255 to f/# = 1.224, and the overalllength from around 3700 mm 
to about 3500 mm (Tabs. D.8 & D.9). This is, as usual, an effect ofthe optimization routines, 
which play with ali the available parameters to attain the best performances within the 
defined constraints. 
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Fig. 6.1. The polychromatic PMMA layout with a single diffractive surface o n the back of the second 
lens. 
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Fig. 6.4. Astigmatic and distortion curves for the polychromatic PMMA design with one diffractive 
surface. Biggest distortion is -11.32%. 
149 
480 . 11 HM 
EUSO : f/1 . 25 Poly . Doubl e Fresn . +2 diffr . Scale: 0 . 05 AZ OJ-Dec- 02 
Fig. 6.5. The polychromatic PMMA layout with two diffractive surfaces, one on the front ofthe fust 
lens and one on the back ofthe second lens. 
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Fig. 6.8. Astigmatic and distortion curves for the polychromatic PMMA design with the two 
diffractive surfaces. Biggest distortion is - 9.77%. 
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Fig. 6.9. The PMMA polychromatic design with a single diffractive surface on the back ofthe second 
lens, configured to optimize the two upper wavelengths ofthe spectrum. Biggest distortion is -11.05%. 
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Fig. 6.10. The PMMA polychromatic design with two diffractive surfaces, one on the front ofthe fust 
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153 
4. Conclusions 
As of last chapter' s results, the PMMA would ha ve had no future for the polychromatic 
design ofEUSO telescope, both with the classicaVsegmented equally weighted configuration 
an d with t be optimization of the two upper wavelengths. Ending the performance studi es t o 
those last results, scientists would be pushed to choose among TPX and CYTOP as suitable 
materials to build the optical system, since their outcome is on the whole acceptable for 
EUSO purposes without any need of adding further complexity in the design. Instead, if one 
still wants to exploit P.MMA, it is mandatory to consider more degrees of freedom to tame 
the chromatic aberrations, for instance with the use of diffiactive surfaces. The layout is a 
little bit complicated, now: the new surface relieves are directly added of the existing Fresnel 
surface, yielding local coherent imagery (because of locally kinoform-shaped surfaces) to 
overall incoherent superposition (from Fresnel surfaces) (Buralli, 1989). But because of the 
limitations in computer simulations, this is possible only superposing to the surface described 
by Fresnel parameters another surface with the diffractive pattern, and both are continuously 
defmed ali over the aperture. Therefore, the system is even more idealized, since it can 
simulate the real presence of neitber the Fresnel cuts nor the diffractive microgrooves. 
Another deficiency of the used program, then, is that the diffractive aspheric phase terms are 
neglected in deterrnining the first-order parameters of a lens system, as is also for the 
aspheric coefficients defining the Fresnel surface shape (see chapter Ill). 
Both the cases with equally and differently weighted wavelengtbs were simulated and are 
presented in this chapter: they all improve very much the output, and even more when the 
design has two diffractive surfaces However, care must be used when comparing these 
results, since they are partially affected also by difference in pupil aperture. Besides, it must 
be noted that, owing to the formulas that give tbe focal length for a diffractive surface, the 
overall effective focallength changes with a variation ofreference wavelength (defming the 
microgrooves' depth). 
In the presentation of the combination of these optical effects, it was stated that the 
construction wavelength tbat has l 00% efficiency at the desired diffraction order was the o ne 
defining the maximum depth of the surface micro-relief and not the Ào added in the program 
to simulate the construction of the bolographic optical element, sin ce i t was decided t o shape 
the surface only through a polynomial that provides the aspheric phase. Therefore, because of 
the usual approximations introduced in Code y® (i. e. no grooves are physically represented), 
it is no possible to envisage the efficiency distribution for the various wavelengths, leaving 
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the problem to successive analyses with other codes and to the verification with the lens once 
built. For sure the efficiencies change in the waveband, and this is a factor that must be tak:en 
into account when dealing with such a complex structure: light losses are hence due to 
scattering on the Fresnel back-cuts and to efficiency variations in the spectrum. The adding 
of one diffractive surface helps taming aberrations, especially the chromatic ones, but it 
reduces the transmitted energy for some wavelengtbs; the adding of two diffractive surfaces 
improves again the performances but the available energy is even less. Tberefore, one must 
be very cautious wben thinking about the exceptional results presented in this chapter: they 
will be degraded because of all the factors analyzed in this discussion. 
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CHAPTERVll: 
CONCLUSIONS 
l. The research accomplishments 
The ideation of a space·based mission whose purpose is to make new discoveries in the field 
of high energy cosmic rays (including neutrino components) reaching the Earth' s 
atmosphere, attaining and overcoming the ground based experiments' achievements, is very 
chal1enging, because of many mandatory innovations. 
This dissertation has developed possible configurations which can be used for systems that 
need a reasonable resolution over a large field of view at high aperture: this was possible 
through the exploitation of refractive elements shaped as Fresnel lenses. The advantage is a 
lighter system with reduced absorption of light. The EUSO mission is one system that can 
benefit from Fresnel optics configurations such as these for its optical subsystem, a criticai 
issue for the success of the mission. Specifically, after the demonstration of feasibility of a 
layout formed by a couple of double-sided Fresnel lenses with the above-mentioned 
characteristics (made by D. J. Lamb and analyzed in chapter lll), this idea was developed 
further on in the last two years. 
The most important result of this work is the verification of the possibility to adapt this 
complex optical device for the demanding requirements of a mission such as EUSO. 
Computer models can be used to analyze many aspects of the lenses' performances and 
identify potential problems, which may arise in the fabrication procedure. Therefore, in order 
to be trusted the models must be verified with measurements in real prototypes that 
demonstrate the strengths and weaknesses of the layout. During the course of this research, a 
system of two curved double-sided Fresnel lenses was fabricated in RIKEN, Japan. The 
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cEUSO telescope was indeed thought with the double intention to apply the developed 
detection system to this kind of optics and verify their compatibility, and to test the optics 
system itself, in order to check the differences with respect to that simulated with computers. 
It carne out that the overall performances were acceptable, but the fabrication process 
deserved more accuracy: it was a good means to add experience for the fabrication of the 
final elements. This is the second EUSO prototype, after the set of lenses built in UAH some 
years ago. The ideation of always bigger prototypes serves as a proof of concept: besides, 
their radiometric and imaging tests can evidence the possible limitations arising from 
manufacturing procedures, for example. It is then a matter of time and engineering to scale 
up these fabrication techniques to the diameters required by the EUSO mission, and 
contemporarily resolving aH the issues found in the preceding prototypes. 
The initial mission requirements were relatively stringent, in the sense that ali the conditions 
had to be respected only on a monochromatic design. In a successive moment the same 
requirements are requested but with validity on all the three considered wavelengths. The 
core of the work presented in this dissertation lies in fact in the analysis of these new-
~onceived systems dealing with polychromatic light, which face some problems that must be 
resolved with new ideas. 
At this point of the research and development, there are four potential plastics that can be 
used to fabricate the Fresnellenses system. The performances of the various designs vary for 
each considered material, both for a single wavelength and for the whole working waveband. 
For some of these configurations, because of their low dispersion gradient also in the near-
UV band the results are achieved via computer simulations of the two curved lenses with ali 
Fresnel surfaces (and an aspheric focal surface)~ some ofthem do not need particular efforts 
(as is the case for TPX), others need to conceive a segmentation on the design ofthe lenses, 
which is already a fact in the fabrication procedure. Instead, other designs require a further 
enhancement on the conception of the optics utilized. With this in mind, diffraction was 
added to the system with the poorest performances, the one optimized with PMMA, and it 
was demonstrated that these complex computer models were finally able to attain the 
required performances. 
In the dissertation a lot of innovative designs are presented and analyzed, starting from the 
Strawman design as a baseline and reference point. The possibility of improving the 
performances, starting from Lamb' s con:figuration, lies also in the availability to change 
some important parameters. In particular, a fixed requirement is the minimum entrance pupil 
diameter (i.e. 1900 mm), and the f/number should be around 1.25, in order to have an 
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effective focallength that allows to dimension the system to fit it in the Shuttle cargo bay and 
al so to ha ve a foca] surface that does not exceed the optics maximum diameter of 2. 5 m. The 
rule of thumb that was in mind during ali this work was trying to ameliorate the 
performances of the various systems specified by different materia] and/or wavelength range 
by playing with ali tbe parameters within the remembered constraints, and forming realistic 
computer designs that wouid ha ve a chance to eventually see the Iigbt. 
2. Some implementations for the future 
The work carried out in this dissertation has proven the overall feasibility of tbe presented 
ideas, but at the same time it has left many open questions. Limited time prevented the 
considerations ofmany interesting problems that were coming out as the dissertation's topics 
were addressed. These points are bere presented and can serve as the basis for further 
researcb that is mandatory to develop for the sake of the overall mission. 
The main concern during the computer simuiations was the knowiedge of the fact that ali the 
reported achievements in the designs are at their best, namely no realistic Fresneiienses (and 
diffractive elements) were simuiated. Besides, even surface roughness was not contempiated 
in the optimizations. These issues strongly limit tbe reai performances, since a non-negligibie 
percentage of light is Iost due to the effects of back-cuts and to micro scattering even on the 
imaging surfaces. Working with refractive systems is an advantage since they are in generai 
more tolerant to surface roughness, providing a greater image stabiiity. In fact, it can be 
demonstrated that the Total Integrated Scatter (TIS) is 16 times less with lenses than for 
mirrors (Hillman & Takahashi, 2001). Moreover, cutting a Fresnel surface can occur in two 
ways: either with constant pitch or with constant depth. This issue was not deepened since it 
would bave led out from the main line ofthe thesis, but it will shortly introduced in appendix 
B. It must be said, though, that some of tbese problems were already addresses in Lamb's 
thesis, where a smaller number of configurations was studied via idealized computer 
simulations and more time was devoted to realistic simulations through the use of codes otber 
than Code y®. The results of that work indicated that the effects are predictable using more 
accurate computer models and that the signal losses are in the whole acceptable (Lamb, 
1999). 
The developing of the prototypes necessarily increases the dimensions of the optics and 
therefore the testing apparatuses for analyzing their imaging and radiometric behaviors. This 
limitation was already evident for cEUSO, since it was not possible to perform some accurate 
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tests vta classica! procedures. The developing of bigger prototypes must therefore be 
followed by the researcb in opticai testing, for new evaiuation tecbniques and perhaps new 
tools to use. Future mockups can be thought as buiit with another materia!, and many 
machineability issues bave still to evolve to a mature scale. 
The computer simulations do not consider absorption of light due to the material. Ali tbe 
designs analyzed so far bave 20-mm centrai thickness Ienses. This parameter can be varied 
up to l O mm, eliminating a lot of materia! ( and hence weight ), if it will be demonstrated that 
the lenses so shaped will stili manage to tolerate the launch environment. 
Again, on the computer designs the performed tolerance analysis was only a particular case. 
1t would be interesting to see how the performances would change with a combination of 
variations for more than one construction parameter. Actually, a complete tolerance analysis 
sbould be done aiso for designs other than the Strawman. The segmented lens, for instance, 
needs more accurate toierances studies, since adding more degrees of freedom in the design 
means adding parameters that are potentially new threats if their theoretical value is 
misreported in the fabrication. 
Tbe EUSO optical system was already imagined in this configuration before starting working 
on this dissertation. The really new ideas that carne out during these past rnonths are tbe very 
process of segmenting tbe lens even in its computer simulated design and the adding of 
diffractive surfaces. The potentialities of both conceptions bave only been touched, and a 
complete exploitation of these ideas can Iead far away. Segmentation was used only for 
monochrornatic configurations (but forali the four materials), and not ali the free parameters 
were used; already in this "simplified" version the design was greatly enhanced for some 
plastics. The polychromatic case would undergo the sarne treatment, if not with more 
irnprovements by letting ali the construction parameters vary. However, in tbe real world 
such segmentation necessitates a tougb mechanical structure, whose job is to gather the petals 
together and to rnaintain the wbole structure of the system. Obviously, a single set of petals 
(i. e. only one bigger outer ring instead of two) would allow reducing the obscuration of light 
and also saving some mass with the elimination ofpart ofthis support structure. Many causes 
of obscuration rnake the difference between computer models and realistic systerns. Tbe 
rnetering structure is one (and also for that reason it was decided to leave a rnonolithic 1.5-m 
centrai part, whicb can survive tbe launcb conditions), but also tbe numerous back-cuts, 
especially for bigger fields, reduce tbe available light. A way to partially contro} this 
drawback of the Fresnel Ienses is to optirnize surfaces tbat will ha ve the smallest nurnber of 
grooves on some surfaces. In fact, in ali the configurations the first surface of the first Iens 
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and the second surface of the second lens ha ve prescription and base curvatures of the same 
sign, respectively. Ifthese curvatures were equal for each ofthese two surfaces, the aspheric 
coefficients and conic constants were zero, then there would be no Fresnel-shaped surfaces. 
A new idea for further enhancement in the field of the obscuration contro} is the following: 
first, to achieve the maximum allowable improvement for some configurations with the use 
of all the tricks exploited in the dissertation (a better use of the segmentation tool, an accurate 
introduction of the diffiactive surfaces, for instance); second, if the attained performances 
allow it within the science requirements, to slightly "worsen" these achievements by leading, 
for some surfaces, the prescription parameters towards the base curvature parameters 
(therefore reducing the "asphericity") as explained before. The result would be a strong 
diminution of the number of grooves and consequently a reduction of the light scattering and 
the off-axis obstruction due to the back-cuts. To partially prove this, some preliminary 
analyses were conducted with Mathematica® software on the second lens of the Strawman 
design. Since the last surface is the one with the least number of Fresnel cuts, for any 
segmented part (i.e. the inner circle and the two outer rings) the aspheric prescription curve 
was substituted with a proper circle resulting from its best fit. In the following step these 
three spherical curves were transferred in the design, and adapted with all the other parts of 
the lens (for example the constant thickness ofthe lens). Performances obviously worsen for 
the baseline, but refining this procedure and applying it onto "over-performing" designs 
would be a winning idea. 
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APPENDICES 

APPENDIXA: 
THE BUILDING OF SOME PETALS 
l. The fabrication procedure of the lenses 
It was previously stated that the final instrument will be formed by lenses whose diameter 
will be no more than 2.5 m., due to the Shuttle's constraints. As already seen, depending on 
the final design that will be chosen among the ones proposed in this dissertation or among 
their future developments, the need to use an Entrance Pupil diameter as big as possible 
(wider than 1.9 m) compels to bave at least one of the two lenses with the maximum 
allowable aperture. The other lens is generally just slightly smaller, according to the 
simulations. For manufacturing issues, as well as for stability reasons, the lenses will be 
segmented into a centrai part 1.5 m wide and a double series ofpetals, structured in two rings 
of 1.5 - 2 m radii and 2- 2.5 m radii. The rings are internally divided every 15°, and a 
mechanical structure supports the single petals (Fig. A. l). These considerations were already 
exploited in chapter V, where the segmentation manufacturing procedure was added in the 
simulations of the designs, because of the starve for more degrees of freedom that help 
reducing the aberrations. 
__..l'o:) N 
Lf--+--t-i:.noè.rì 
333 
Fig. A. l. The concept of segmentation: front view ofthe lens. 
165 
Different components of the final lens can therefore be shaped in different ways, as far as 
both the prescription design and the fabrication procedures are regarded. The first issue was 
already introduced; the latter will be sketched in this appendix. 
I t is decided that the centrai part of the lens will be fabricated as a monolithic segment in 
order to reduce the obscurations. For this portion the best construction technique is direct 
diamond turning on both sides, following the prescriptions given by the designs. lnstead, the 
replication process needed to form the two rings suggests using the molding technique. Even 
the centrai part could be shaped in this way, but it was demonstrated, besides other issues, 
that extreme accuracy in dimensions is too expensive to achieve by molding. There are 
essentially two ways for molding a plastic: through injection or compression. The second 
procedure is used primarily in the manufacture of Fresnel lenses, where surface structure 
details are extremely important, and is the technique that has been used for our purposes. 
No many details can be provided in this appendix, due to the need not to disclose the 
procedures developed so far in the research institutes interested in this part of the R&D. 
· 2. The fabrication of some petals 
The fabrication procedure of petals for the final EUSO optical system must be clearly 
understood. The molding technology for EUSO purposes is nonetheless nontrivial, because 
of the demanding nature to imprint small facets on both sides of a non-uniformly thick 
curved base. New technological advancements required mastering this difficult molding 
process. 
A replication of six petals was performed in August 2002 in Japan, with the cooperation of 
RIKEN Nanotechnology Laboratory1 and the UAH EUSO group. The scope is in fact 
building of a l : l scale prototype in the next future. For these mockups the design was stili the 
Strawman configuration (that is the baseline for all phase A). These six pieces represent a 
quadrant ofthe entire circle ofthe first lens' inner ring: they are therefore the smallest petals 
forming the lens (Fig. A.2). 
1 Special thanks goto Mr. Yoshihiro Uehara for his untiring collaboration. 
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Fig. A.2. The assembly of six petal pieces shaped in Japan. 
The two Fresnel surfaces on the petals were shaped with a constant Ay depth of grooves = l 
mm (see appendix B for more details about the cutting process). Since they originate from 
the baseline design, the petals are curved following the base curvature of the first lens, with a 
20-mm thickness. 
The fabrication of each lens piece can therefore be accomplished by replicating segments 
from a single petal mold, using molding techniques. In 2001, fora similar fabrication process 
of petals, an oxygen-free copper jig was fabricated in RIKEN labs: the metal mask, formed 
by two blanks, was initially shaped by a lathe; then, the final fabrication was made with a 
high-precision horizontal diamond-turning machine, a four-axis computer controlled cutting 
machine that allowed curved grooving on a spherical surface. The cutting prescription is the 
negative ofthe Strawman design in that part ofthe lens (Fig. A3). This die had already been 
used in 2001 by RIKEN scientists to implementa molding procedure for PMMA, by shaping 
a first petal mockup used for surface quality: the results were encouraging (Uehara, 2001). 
Then, in 2002 the time spent in Japan by the two groups was used to perform more accurate 
tests about the feasibility of that procedure. The jig allowed a uniform pressing on a non-
uniformly thick plastic sheet with the use of a 1000-ton-capacity press machine (Fig. A.4). 
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Fig. A.3. The mold die. 
Fig. A.4. The 1000 ton-aipacity petal-pressing machine. 
The replication ofthe petals was at the rate of one petal per day. 
The process ofreplicating the metal grooves onto the sheet ofPMMA plastic required efforts 
for being successfully implemented. The fabrication of these six petals followed a detailed 
procedure divided in two big steps: a pre-shaping of the non-uniform thickness plastic p late 
into a bowed blank (the curvature should match the Strawman design first lens' base 
curvature, as provided by the fabricated jig); a groove molding via pressing on the bowed 
blank. 
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a. Pre-shaping 
The substrate materia! for the petals is given as a flat plate 20-mrn thick: at first, it is heated 
in an oven at 180°C for 100 minutes. It was indeed established empirically that a range of 5 
minutes per mm was enough to uniformly melt the materia]; the internai plastic temperature 
was anyways inferior, about 160°C. The entire blank had to be heated in order to be easily 
shapeable in this first step ofpre-shaping. The oven hosted also a couple ofthin (1-mrn thick) 
Teflon sheets, which had to reach the same temperature as the PMMA. Meanwhile the die 
was set at a temperature of 70°C through four electric heaters (two on the top and two on the 
bottom, whose controlling devi ce is visible on the lower-right corner of Fig A.4, and some 
thermostats are the rods in Fig. A.S). 
Then, the raw plate was put inside the mold die (temporarily open), sandwiched by the two 
Teflon sheets. The plastic' s dimensions were bigger than the grooving area, and the excess 
area had to be uniformly distributed in ali the directions, in order to maintain a uniform 
pressure ali over the effective molding surface. In a second moment the excess part will be 
cut away. The die was partially closed, and its stroke range was limited with four sets of 
copper plate-spacers positioned at the shafts: the thickness of these sets had to match the 1-
mm deep facets (that is the scope of ali this tests) plus the two 1-mm thick Teflon sheets. So, 
the spacers had a thickness of about 4 mm. The Teflon sheets are very important, since they 
provide an extra-safety stroke range to protect the metal facets from excessive hard-hit and to 
create the smooth prescribed curved surface. 
An initial pressure of 5 tons was provided to the system forrned by the sandwiched plate and 
the copper spacers. The Teflon was obviously shrinking as the pressure was increased, 
passing from the 5 tons to the final 40 tons in one-two minutes (Fig. A.S). 
When the pressing machine stabilized that pressure, the cooling process begun: the four 
heaters were switched off and a faster cooling was provided by air blowing with two 
commerciai fans. It took around 50 min to Lower the die temperature to 55°C. When that 
temperature was reached, the pressure was released and the same cooling procedure had to 
take the temperature down to 49°C (in approximately 25 mi n). The initial plate carne out as a 
bowed blank. 
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Fig. A.S. The pressing process for replication (first step: pre-shaping). 
b. Groove molding 
While the blank was resting, the die temperature was raised to 160°C (which corresponds to 
around 135°C as measured at the side port of the cavity). Once that beat was reached the 
bowed p late ( at room temperature) was introduced inside the di e, and a new pressure process 
started. This part was divided in various steps, differing by time and pressure: l O min with 5 
ton, then 20 min with 10 ton, then 2 min with 20 ton and finally 8 min with 40 ton. During 
this phase neither Teflon sheets nor spacers were obviously present. The plate was at room 
temperature because the main goal ofthis second step was to transfer the grooves' shape on 
the two surfaces of the blank. 
The last part consisted in cooling down by cutting out the heaters and tuming on the two 
fans. The 40-ton pressure had to be held until the final temperature of 75°C was obtained. 
Afterwards, the PMMA piece was taken out and the curved petal was the final result. 
3. Observations and conclusions 
Some issues are worth to be noted. 
As already stated, the overall procedure was the result of trial-and-errors tests perfonned in 
200 l. The acquired skills were useful in refining small parts of the followed procedure. In 
particular, in the pre-shaping step the copper spacers' optimum thickness as well as the 
Teflon sheets' best one were not defined for sure (Uehara, 2002). One day, for example, it 
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was tried to shape the petal with a 3-mm copper spacer and the results were good as weU. No 
experiments in Teflon thickness variations were tried, due to the non-availability of different 
sheets. 
No annealing was provided to the petals once shaped. This final process is instead very 
important for the petals' performances, since it would take the stress out from the plastic, in 
order not to loose the groove shapes after the precise grooving process. 
The metal mold showed tool marks of several hundred nanometers in its radiai direction, left 
by the diamond tool when the masks were cut due to a coarse stepping (Uehara, 2002). The 
final PMMA petals showed the same marks: this demonstrated that the molding process is 
able to reproduce the machine grooves with high fidelity, indicating that it should be possible 
to replicate even future micro-grating structure needed to correct chromatic aberrations as 
designed in the configurations of chapter VI. 
Pressure molding was tested also for other materials such as Zeonex and CYTOP, but the 
lack of time during the tests prevented to make detailed verifications about the determinati o n 
of best temperature, pressure and holding time with the same molding apparatus. Besides, it 
was also demonstrated that TPX is not well manageable with this compression molding 
procedure; rather, it would be better shaped with injection molding. 
The procedure explained in this appendix gives results that are good enough for being the 
frrst time that compression molded petals with curved double-sided Fresnel surfaces are 
fabricated. However, it can stili be improved with new ideas and by experience. The purpose 
is to make it reliable enough to be ab le to produce petals satisfying the required performances 
and structural constraints. This needs still a lot of efforts, but the way seems the right one. 
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APPENDIXB: 
SOME CONSIDERATIONS ABOUT FRESNEL CUTTING 
l. The problem 
In the previous chapters it was stated that ali the designs involving Fresnel surfaces, as well 
as diffiactive surfaces, are idealized: no back-cuts effects were considered in the computer 
simulations. However, the knowledge of their behavior would enrich the output of a design, 
therefore other codes besides Code y® must be utilized. In particular, the ASAP® modeling 
software is the one that was already exploited in the past (Breault, 2001; Lamb, 1999), and 
provided more detailed results about this issue. Before building a Fresnel lens it is indeed 
mandatory to know whether cutting with constant facet width or with constant depth. 
Advanced computer simulations can help in the decision. Unfortunately, time considerations 
prevented to carry ali the above-described layouts into the ASAP® platform in arder to 
analyze them more realistically. But some considerations are common to ali the designs. 
2. Cutting with constant Ay or constant Az? 
Recalling the coordinate system introduced in chapter m, the back-cuts are positioned in z 
direction, while the generic pitch follows the y direction. The resulting Fresnel lens obtained 
with either of these methods has its own advantages and drawbacks. A constant ~y means 
that the grooves' depth varies with respect to their position in the lens while the facet width is 
invariant; a constant & means that ali the back-cuts bave the same dimension. (Fig. B. l). 
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Fig. B. l. The different resulting Fresnel surface if cut with constant depth (left) or constant width 
(right). 
Last official prototype, cEUSO, was cut with constant 8y, as was aiso the set of Fresnel 
lenses buiit in UAH in 1999. 
Segmentation by 8y divides a lens into zones of constant width, aliowing the depth ofthe cut 
to vary: this process gives the best image quality, and it is easier to diamond turo. One big 
problern, though, is the increasing dimension of facets' back-cuts, as is shown in Fig. B.l in 
an exaggerated scale. An optimal choice of facets' width is therefore important. This process 
was intensively analyzed during the cutting of the UAH prototypes, and these results can be 
found in D. J. Lamb's dissertations (Lamb, 1999). On the other side, segmentation in 8z has 
not been addressed in detail so far, so it deserves a few more words. This process holds the 
depth of each cut constant, allowing the width of each facet to vary. In particular, around the 
centrai part ofthe lens, where the prescription surface still has to deviate consistently from its 
first-order spherical shape, there will be fewer grooves, while on the edges the grooves will 
be far more and aiso quite small. Practically, this results in a necessarily small cutting tool 
over the entire lens surface so that every facet can be accommodated, but the surface 
roughness, reiated to the tool dimensions, is increased. Alternatively, different tools could be 
used over different sections of the lens, but the fabrication procedures would be more 
complicated. Instead, less grooves on the centrai part means also less vignetting: as already 
stated (chapter V), also for the 30°-field a big portion of ray bundle passes through the 
centrai monolithic part, therefore a constant 8z cutting would be convenient forali the fields. 
Both the ways are stili open for EUSO, and more detailed studies must be performed, 
recalling also the possible need to add in these facets a micro-grooving defining the 
diffractive surface, whose cut is necessarily with constant micro-depth. 
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APPENDIXC: 
TABLES FROM CHAPTER ID 
This appendix collects aH the material concerning chapter ill: the parameters of the two 
configurations with only 3 Fresnel surfaces; the tolerance analysis, for first and second lens 
(tables and figures); the figures and the 2-D plots ofthe ray's analysis. 
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EUSO CURVED FRESNEL OOUBLET (PMMA} 
F/# =1.25 
PHYSICAL PARAMETERS OPTICAL 
(mm) PARAMETERS (mm) 
DIAMETER 
ENTRANCE PUPIL 1904.01 
OVERALL LENGm- Front 
of Lens l to Focal Surface 3617.48 
DISTANCE- Back of Lens 2 
to Focal Surface 1794.05 
AXlAL TIDCKNESS-
Lens l, Lens 2 20,20 
DIAMETER BASE +4444.44 l ST FRESNEL LENS 2500.00 RADIUS 
DIAMETER BASE -2906.98 2ND FRESNEL LENS 2484.96 RADIUS 
DIAMETER 
STOP 1819.4 
DIAMETER VERTEX RADIUS -2804.82 
FOCALPLANE 2455.67 CONICCNST +4.219954 
IDGHERORDER A = -0.602445E-09 
ASPBERIC CNST B = +0.183406E-14 
C = -0.177583E-20 
D = +0.572021E-27 
Tab. C. l . Some configuration parameters for the rnonochromatic PMMA configuration without the 
last Fresnel surface. 
EUSO CURVED FRESNEL OOUBLET (PMMA} 
F/#= 1.25 
PHYSICAL PARAMETERS OPTICAL 
(mm) PARAMETERS (mmJ 
DIAMETER 
ENTRANCE PUPIL 1920.00 
OVERALL LENGm- Front 
of Lens l to Focal Surface 3729.85 
DIST ANCE- Back of Lens 2 
to Focal Surface 1689.34 
AXlAL miCKNESS-
Lens t, Lens 2 20,20 
DIAMETER BASE 
l ST FRESNEL LENS 2489.53 RADIUS -48132.1 
DIAMETER BASE 
2ND FRESNEL LENS 2500.00 RADIUS -2512.56 
DIAMETER 
STOP 1803.09 
DIAMETER VERTEX RADIUS -2905.76 
FOCALPLANE 2397.54 
CONICCNST +0.138192 
IDGHERORDER A = -0. 737496E-09 
ASPHERIC CNST B = +0.175275E-14 
C = -0.167074E-20 
D = +0.540464E-27 
Tab. C.2. Some configuration parameters for the monochromatic PMMA configuration without the 
first Fresnel surface. 
177 
178 
SPOTSIZE 
Lens 1 o 10 20 30 
Radius Mismatch - Surface 1 
iRadius(mm) 7039,42107 2,8762 3,6014 4,5825 2,9071 
p,01% 7040,125012 2 ,858 3,6017 4,5879 2,9065 
P.05% 7042,940781 2,7862 3,605 4,611 2,9085 
p,10% 7046,460491 2,6995 3,6132 4,6432 2,921 
p,SO% 7074,618175 2,1638 3,8374 5,0233 3,3769 
1,00% 7109,815281 2,0904 4,4429 5,7432 4,5298 
~.00% 7180,209491 3,6289 6,1768 7,6542 7,4533 
0,01% 7038,717128 2,8946 3,6012 4,5773 2,9082 
f-o,05% 7035,901359 3,8062 3,6024 4,5578 2,917 
0,10% 7032,381649 3,0649 3,6082 4,537 2,9379 
0,50% 7004,223965 3,9049 3,8182 4,5164 3,4661 
1,00% 6969,026859 5,0714 4,4342 4,8529 4,74 
2,00% 6898,632649 7,5899 6,3807 6,4514 8,1061 
Radius Mismatch - Surface 2 
Radius(mm) -8699,03098 2,8762 3,6014 4,5825 2,9071 
p,01% -8699' 900883 2,8619 3,6015 4,5868 2,906 
p ,05% -8703,380495 2,8052 3,603 4,6051 2,9045 
p,10% -8707 '730011 2,7362 3,6074 4,6299 2,9093 
p ,50% -87 42,526135 2 ,2682 3,7403 4,907 3,1993 
1,00% -8786,02129 1,9964 4,1203 5,4181 4,0234 
~.00% -8873,0116 2 ,7092 5,2784 6,7991 6,278 
0,01% -8698,161077 2 ,8906 3,6014 4,5783 2,9086 
0,05% -8694,681465 2,9489 3,6026 4,5623 2,9174 
0,10% -8690,331949 3 ,0232 3,6066 4,5446 2,9351 
0,50% -8655,535825 3,6648 3,7388 4,4931 3,3264 
1,00% -8612,04067 4 ,5476 4,1326 4,6603 4,2803 
2,00% -8525,05036 6,4592 5,4606 5,6665 6,9164 
Fresnel Base Curvature Mismatch 
urvature (1/mm) 0,000244 2,8762 3,6014 4,5825 2,9071 
,50% 0,00024522 2,8729 3,6028 4,5786 2,9163 
1,00% 0,00024644 2 ,8683 3,6048 4,5737 2,9306 
,00% 0,00024888 2 ,8602 3,6087 4,5662 2,9608 
0,50% 0,00024278 2 ,8793 3,6001 4,5865 2,8995 
1,00% 0,00024156 2 ,8839 3,5985 4 ,5927 2,8903 
2,00% 0,00023912 2,892 3,5958 4,605 2,8791 
Thickness variation 
ickness (mm) 20 2,8762 3,6014 4,5825 2,9071 
,50% 20,1 2 ,8771 3,595 4,579 2,9024 
1,00% 20,2 2 ,8781 3,5886 4 ,5755 2,8981 
,00% 20,4 2 ,8802 3,5759 4,5687 2,8906 
,00% 21 2,8872 3,5385 4,5497 2,8782 
,50% 21,5 2 ,8939 3,5081 4,5356 2,8792 
10% 22 2,9015 3,4782 4,523 2,8905 
0,50% 19,9 2,8753 3,6078 4,5861 2,9123 
1,00% 19,8 2,8744 3,6142 4,5898 2,9178 
2,00% 19,6 2,8728 3,6272 4,5973 2,9301 
5,00% 19 2,8686 3,6667 4,6213 2,9764 
7,50% 18,5 2,8661 3,7002 4,6429 3,0253 
10,00% 18 2,8644 3,7343 4,6659 3,0833 
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lndex of Refraction 
------1,-52_5_M_6 __ 
1% 1 ,525698555 
' 5% 1 ,526308773 
p,10% 1 ,527071546 
p,50% 1,53317373 
1,00% 1,54080146 
~.00% 1,55605692 
0,01% 1 ,525393445 
0,05% 1 ,524783227 
0,10% 1 ,524020454 
0,50% 1,51791827 
1,00% 1,51029054 
2,00% 1,49503508 
An/At (PMMA10.5x10-5/C) 
1,525M6 
~ 1,525021 
~ 1,525336 
1 1,525441 
p,5 1,5254935 
0,5 1,5255985 
1 1,525651 
2 1,525756 
5 1,526071 
Wedge - front surface 
illiradians 
0,1 
0,5 
1 
2 
5 
Decenter - surface 1 in x direction 
10 
1 
2 
~~o 
Decenter - surface 1 in y direction 
m m 
1 
10 
1 
2 
2,8762 
2 ,9548 
3,2796 
3,704 
7,4 
12,223 
21,983 
2 ,7988 
2,5041 
2,1793 
3,1453 
7,7189 
17,407 
2,8762 
2,6159 
2,7701 
2,8228 
2,8494 
2,9031 
2,9302 
2,9847 
3,1512 
2,8762 
2,8762 
2,8768 
2,8785 
2,8855 
2 ,9338 
2,8762 
2,8768 
2,8785 
2,8855 
2,9338 
2,8762 
3,0529 
3,5303 
5,8707 
7,7578 
3,0529 
3,5303 
5,8707 
7,7578 
2,8762 
3,0529 
3,5303 
5,8707 
10,634 
3,0529 
3,5303 
5,8707 
10,634 
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3,6014 
3,601 
3,6253 
3,7121 
5,9642 
10,225 
19,535 
3,6043 
3,6415 
3,7437 
5,9963 
10,267 
19,486 
3,6014 
3,6222 
3,6061 
3,6031 
3,6021 
3,601 
3,6009 
3,6016 
3,611 
3,6014 
3,5955 
3,5722 
3,5438 
3,4893 
3,3443 
3,6073 
3,6313 
3,6619 
3,7253 
3,8751 
3,6014 
3,7525 
4,173 
6,3528 
7,4176 
3,7525 
4,173 
6,3528 
7,4176 
3,6014 
3,0474 
2,8747 
4,6189 
9,6088 
4 ,3928 
5,3151 
8,3527 
13,709 
4,5825 
4,5617 
4,497 
4,4591 
5,7372 
9,4094 
18,186 
4,6051 
4,7131 
4,8852 
7,2687 
11 ,334 
20,21 
4,5825 
4,6678 
4,6141 
4,5979 
4,5901 
4,5751 
4,568 
4,5543 
4,5186 
4,5825 
4,5802 
4,5722 
4,5656 
4,5633 
4,6427 
4,585 
4,5965 
4 ,6142 
4,6604 
4,8836 
4,5825 
4,7245 
5,1268 
7,4492 
12,574 
4,7245 
5,1268 
7,4492 
12,574 
4,5825 
4,611 
5,1317 
8,2763 
15,215 
5,0506 
5,8946 
9,6948 
17,213 
2,9071 
2,913 
2,9667 
3,0983 
5,6726 
10,057 
19,495 
2,9044 
2,9239 
3,0157 
5,384 
9,691 
18,831 
2,9071 
2,9105 
2,9041 
2,9049 
2,9058 
2,9088 
2,9109 
2,916 
2,9401 
2,9071 
2,9148 
2,9815 
3,1428 
3,6842 
6,3139 
2,9031 
2,9232 
3,0256 
3,4431 
5,3763 
2,9071 
3,2745 
4,1876 
8,0774 
15,673 
3,2745 
4,1876 
8,0774 
15,673 
2,9071 
4,2518 
6,5613 
14,786 
26,922 
4,4738 
7,3864 
17,997 
xxx 
l 
l 
l 
Decenter - surface 2 in x direction 
~m 2,8762 3,6014 4,5825 2,9071 
1 2,9799 3,6892 4,6683 3,1659 
~ 3,2714 3,9411 4,9167 3,839 
~ 4,8435 5,3567 6,3909 6,9123 
10 5,4343 5,1513 10,166 13,162 
1 2,9799 3,6892 4,6683 3,1659 
2 3,2714 3,9411 4,9167 3,839 
5 4,8435 5,3567 6,3909 6,9123 
10 5,4343 5,1513 10,166 13,162 
Decenter - surface 2 in y direction 
2,8762 3,6014 4,5825 2,9071 
2,9799 4,1983 4,9327 4,3408 
3,2714 4,891 5,582 7,0917 
4,8435 7,2227 8,724 17,455 
10 8,3105 11,573 15,359 xxx 
1 2,9799 3,1529 4,595 4,0899 
2 3,2714 2,9197 4,9626 6,1552 
5 4,8435 3,7188 7,3247 13,494 
-10 8,3105 7,2119 12,679 25,101 
Tab. C.3 The tolerance analysis for Lens l . 
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SPOTSIZE 
Lens 2 o 10 20 30 
Radius Mismatch - Surface 1 
Radius {mm) 2323,67066 2,8762 3,6014 4,5825 2,9071 
p,01% 2323,903027 2,8393 3,606 4,5964 2,9127 
p,05% 2324,832495 2,699 3,6339 4,659 2,9473 
p,10% 2325,994331 2,542 3,6894 4,753 3,0168 
p,50% 2335,289013 2,3951 4,7892 5,9981 4,3345 
1,00% 2346,907367 4,3811 7,0339 8,2549 6,8088 
~.00% 2370,144073 9,5989 12,255 13,48 12,253 
f-o,01% 2323,438293 2,9137 3,5977 4,5694 2,9114 
0,05% 2322,508825 3,0701 3,5924 4,5244 2,8978 
0,10% 2321 ,346989 3,2777 3,6073 4,4855 2,9196 
0,50% 2312,052307 5,2259 4,4852 4,8802 4,0214 
1,00% 2300,433953 7,9607 6,7034 6,7126 6,5427 
2,00% 2277,197247 13,739 12,244 12,06 12,509 . . 
Rad1us M1smatch - Surface 2 
Radius (mm) -3533,089937 2,8762 3,6014 4,5825 2,9071 
p,01% -3533,443246 2,8592 3,5998 4,5873 2,9072 
p,05% -3534,856482 2,7921 3,5949 4,607 2,9076 
p,10% -3536,623027 2,7103 3,5914 4,6328 2,909 
p,50% -3550,755387 2,1627 3,6744 4,8823 2,9506 
1,00% -3568,420836 1,9108 4,0289 5,2884 3,0755 
~.00% -3603,751736 3,0219 5,3047 6,3259 3,5258 
0,01% -3532,736628 2,8933 3,6031 4,5778 2,9071 
0,05% -3531,323392 2,9623 3,611 4,5593 2,9075 
0,10% -3529,556847 3,0502 3,6237 4,5375 2,9088 
0,50% -3515,424487 3,8056 3,8309 4,4129 2,9498 
1,00% -3497,759038 4,8325 4,3193 4,3912 3,076 
2,00% -3462,428138 7,0186 5,7967 4,7946 3,5414 . Fresnel Base Curvature M1smatch 
!curvature {1/mm) -0,000391 2,8762 3,6014 4,5825 2,9071 
p,50% -0,000392955 2,987 3,5635 4,5259 2,8525 
1,00% -0,00039491 3,1398 3,5423 4,4828 2,8543 
2,00% -0,00039882 3,5006 3,5807 4,4789 3,0716 
0,50% -0 t 000389045 2,7512 3,6837 4,6905 3,0634 
1,00% -0 t 00038709 2,6743 3,78 4,8093 3,2109 
2,00% -0 t 00038318 2,6137 4,0371 5,1112 3,7453 
Th1ckness vanation 
hickness (mm) 20 2,8762 3,6014 4,5825 2,9071 
,50% 20,1 2,8881 3,6015 4,5798 2,9071 
1,00% 20,2 2,9001 3,6016 4,5772 2,9071 
,00% 20,4 2,924 3,6021 4,572 2,9073 
,00% 21 2,9963 3,6046 4,5574 2,9102 
,50% 21 ,5 . 3,0569 3,608 4,5461 2,915 
10% 22 3,1179 3,6126 4,5358 2,9219 
~0.50% 19,9 2,8643 3,6013 4,5852 2,9073 
r-1,00% 19,8 2,8524 3,6013 4,588 2,9076 
2,00% 19,6 2,8287 3,6014 4,5936 2,9084 
5,00% 19 2,7579 3,6029 4,6112 2,9128 
7,50% 18,5 2,6995 3,6054 4,6269 2,9189 
10,00% 18 2,6416 3,6092 4,6434 2,9271 
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lndex of Refraction 
1,525546 2,8762 3,6014 4,5825 2,9071 
~.01% 1,525698555 3,0656 3,5944 4,5253 2,9015 
~.05% 1,526308773 3,935 3,7768 4,4406 3,0469 
p,10% 1 ,527071546 5,1635 4,4074 4,6643 3,552 
p,50% 1,53317373 16,108 14,159 12,575 11 ,439 
1,00% 1,54080146 30,192 27,907 25,138 22,695 
12.00% 1,55605692 58,627 55,913 51 ,106 46,061 
0,01% 1 ,525393445 2 ,7029 3,6297 4,6533 2,9299 
0,05% 1,524783227 2 ,2416 3,9418 5,059 3,1793 
0,10% 1,524020454 2,3948 4,6865 5,7874 3,7735 
0,50% 1,51791827 12,385 14,55 14,669 11,616 
1,00% 1,51029054 26,274 28,144 27,121 22,321 
2,00% 1,49503508 54,055 55,494 52,304 43,551 
An/A.t (PMMA10.5x10-S/C) 
1,525546 2,8762 3,6014 4,5825 2,9071 
~ 1,525021 2,369 3,7846 4 ,8792 3,0537 
2 1,525336 2,6426 3,5973 4,6834 2,9428 
1 1,525441 2,7551 3,6186 4 ,6298 2,921 
0,5 1,5254935 2,8146 3,6087 4 ,6054 2,9131 
0,5 1,5255985 2,9397 3,5966 4,5613 2,9033 
1 1,525651 3,005 3,5943 4 ,5416 2,9014 
2 1,525756 3,1404 3,62155 4,5073 2,9038 
5 1,526071 3,5791 3,6669 4,4455 2,9591 
Wedge -front surface 
milliradians 2,8762 3,6014 4,5825 2,9071 
0,1 2,8763 3,6142 4,5862 2 ,911 
0,5 2,8778 3,667 4,6364 2,9297 
1 2,8825 3,7361 4,6947 2,9601 
2 2,9015 3,8835 4,8242 3,0428 
5 3,0309 4,3872 5,3002 3,4328 
0,1 2,8763 3,5887 4 ,5723 2,9036 
0,5 2,8778 3,5393 4,5333 2,8928 
1 2,8825 3,481 4,489 2,887 
2 2,9015 3,3768 4 ,4157 2,9017 
5 3,0309 3,1774 4,3284 3,1271 
Decenter - surface 1 in x direction 
~m 2,8762 3,6014 4,5825 2,9071 
1 2,8766 3,6024 4,585 2,9164 
12 2,8776 3,6053 4 ,5924 2,9439 
~ 2,885 3,6257 4 ,6438 3,13 
10 2,9114 3,6976 4,8229 3,6847 
1 2,8766 3,6024 4 ,585 2 ,9164 
2 2,8776 3,6053 4,5924 2,9439 
5 2,885 3,6257 4,6438 3,13 
10 2,9114 3,6976 4,8229 3,6847 . . 
Decenter - surface 1 m y d1rect1on 
~m 2,8762 3,6014 4,5825 2,9071 
1 2,8766 3,6022 4,6251 2,8826 
12 2 ,8776 3,6057 4,6775 2,9115 
~ 2,885 3,6323 4,8883 3,2897 
10 2,9114 3,7259 5,3894 4,5597 
1 2,8766 3,6033 4,55 2,984 
2 2,8776 3,6081 4,528 3,0582 
5 2,885 3,6395 4 ,5271 3,6516 
10 2,9114 3,7492 4,7461 5,0987 
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Decenter - surface 2 in x direction 
2,8762 3,6014 4,5825 2,9071 
2,8844 3,6085 4,5906 2,9249 
2,9088 3,6298 4,6148 2,9776 
3,0744 3,7754 4,7807 3,3234 
10 3,605 4,2554 5,332 4,3273 
1 2,8844 3,6085 4,5906 2,9249 
2 2,9088 3,6298 4,6148 2,9776 
5 3,0744 3,7754 4,7807 3,3234 
10 3,605 4,2554 5,332 4,3273 
Decenter - surtace 2 in y direction ,..m 2,8762 3,6014 4,5825 2,9071 
1 2,8844 3,7777 4,6734 3,0085 
~ 2,9088 3,9668 4,7957 3,1926 
~ 3,0744 4,5917 5,3231 4,0962 
10 3,605 5,7511 6,5708 6,1462 
1 2,8844 3,4399 4,5255 2,8988 
2 2,9088 3,2959 4,5042 2,9372 
5 3,0744 2,9953 4,6601 3,6533 
10 3,605 3,0572 5,5744 5,7119 
Tab. C.4. The tolerance analysis for Lens 2. 
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Focal Piane 
Base Cuvature 
IRadius (mm) -2238,31935 
p,01% -2238,543182 
p,05% -2239,662454 
p,10% -2241 ,902116 
p,50% -2253,111627 
1,00% -2275,642743 
~.00% -2321 '155598 
0,01% -2320,923482 
0,05% -2319,76302 
0,10% -2317,443257 
0,50% -2305,856041 
1,00% -2282,797481 
2,00% -2237,141531 
F l l oca P ane - Displacement in x 
m m 
1 
2 
5 
10 
1 
2 
5 
10 . . Focal Piane - D1splacement m y 
~m 
1 
~ 
~ 
10 
1 
2 
5 
10 . 
Focal Piane - D1s lacement in z 
10 
1 
2 
5 
10 
o 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8762 
2,8761 
2,8758 
2,8738 
2,8668 
2,8761 
2,8758 
2,8738 
2,8668 
2,8762 
2,8761 
2,8758 
2,8738 
2,8668 
2 ,8761 
2,8758 
2,8738 
2,8668 
2,8762 
3,3259 
3,8149 
5,4078 
8,2324 
2 ,4872 
2 ,1915 
2,2072 
4,3653 
Tab. C.5. The tolerance analysis for the Focal Surface. 
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SPOTSIZE 
10 
3,6014 
3,6013 
3,6011 
3,6008 
3,6003 
3,6032 
3,6206 
3,6014 
3,6017 
3,6021 
3,6067 
3,6162 
3,6487 
3,6014 
3,6014 
3,6014 
3,6015 
3,6019 
3,6014 
3,6014 
3,6015 
3,6019 
3,6014 
3,6007 
3,6067 
3,664 
3,8798 
3,6088 
3,623 
3,7056 
3,9691 
3,6014 
3,6327 
3,7542 
4,5614 
6 ,7368 
3,6625 
3,8116 
4,6796 
6,9002 
20 
4,5825 
4,5799 
4,57 
4,5582 
4,4911 
4,4758 
4,6609 
4,5851 
4,5958 
4,6099 
4,7485 
4,9847 
5,641 
4,5825 
4,5825 
4,5826 
4,5833 
4,5856 
4,5825 
4,5826 
4,5833 
4,5856 
4,5825 
4,5396 
4,507 
4,4722 
4,6224 
4,6355 
4,6982 
4,9414 
5,506 
4,5825 
4,4936 
4,4713 
4,799 
6,3411 
4,7342 
4,9431 
5,843 
7,9042 
30 
2,9071 
2,9064 
2,9165 
2,9575 
4,1618 
6,6574 
12,298 
2,9091 
2,93 
2,9844 
4,2854 
6,9246 
13,078 
2,9071 
2,9071 
2,9072 
2,9073 
2,9076 
2,9071 
2,9072 
2,9073 
2,9076 
2,9071 
2,9066 
2,9263 
3,106 
3,754 
2,9274 
2,9665 
3,1834 
3,7841 
2,9071 
2,937 
3,0568 
3,8424 
5,8955 
2,9696 
3,1187 
3,9601 
6,0271 
SPOTSIZE 
Mechanical o 10 20 30 
2,8762 3,6014 4,5825 2,9071 
2,8869 3,6103 4,59 2,9206 
2,9186 3,6371 4,6126 2,9605 
3,132 3,8192 4,7673 3,2262 
10 3,7979 4,3779 5,2835 4,0355 
10 3,7979 4,3779 5,2835 4,0355 
5 3,132 3,8192 4,7673 3,2262 
2 2,9186 3,6371 4,6126 2,9605 
2,8869 3,6103 4,59 2,9206 
2,8762 3,6014 4,5825 2,9071 
2,8869 3,4449 4,5309 2,9158 
2,9186 3,3006 4,492 2,9413 
3,132 2,9593 4,4552 3,1149 
10 3,7979 2,7992 4,6653 3,6792 
10 3,7979 5,5123 5,664 3,6267 
5 3,132 4,4725 5,011 3,1056 
2 2,9186 3,945 4,7217 2,9399 
1 2,8869 3,7686 4,6463 2,9153 
Lens 1 - Displacement in z 
m 2,8762 3,6014 4,5825 2,9071 
1 2,8592 3,6293 4,6075 2,9039 
~o 2,8422 3,6578 4,6345 2,9076 2 ,7916 3,7138 4,727 2,9585 2,7084 3,8695 4,9165 3,1086 
w 
3,0492 3,3553 4,4483 3,3016 
2,9621 3,4705 4,4883 3,0254 
2,9104 3,5472 4,5385 2,9342 
2,8933 3,574 4,5595 2,9172 
Lens 2 - Displacement in x 
2,8762 3,6014 4,5825 2,9071 
2,8868 3,6099 4,5899 2,9203 
2,9183 3,6353 4,612 2,9594 
3,1302 3,8086 4,7637 3,22 
10 3,7918 4,3721 5,2703 3,9963 
10 3,7918 4,3721 5,2703 3,9963 
5 3,1302 3,8086 4,7637 3,22 
2 2,9183 3,6353 4,612 2,9594 
1 2,8868 3,6099 4,5899 2,9203 
Lens 2 - Displacement in y 
2,8762 3,6014 4,5825 2,9071 
2,8868 3,7756 4,7004 2,9208 
2,9183 3,9598 4,8295 2,9515 
3,1302 4,5595 5,2758 3,1382 
10 3,7918 5,6619 6,1686 3,6947 
r-10 3,7918 2,811 4,2057 3,6553 
-5 3,1302 2,9418 4,195 3,0691 
-2 2,9183 3,2894 4,3845 2,892 
~1 2,8868 3,4387 4,4769 2,9112 
Lens 2 - Displacement in z 
m 2,8762 3,6014 4,5825 2,9071 
2,5049 3,6357 4,7128 2,991 
186 
2,2271 3,7617 4,9102 3,1806 
2,261 4,5881 5,8245 4,163 
10 4,3583 6,797 7,9973 6,5627 
10 8,1187 6,9439 6,8479 6,4289 
5 5,3408 4,6914 5,0287 4,0265 
2 3,7841 3,8116 4,5435 3,0821 
~- 1 3,3097 3,6615 4,5251 2,9385 
Tilt - Lens 1 to Lens 2 in x 
milliradians 2,8762 3,6014 4,5825 2,9071 
p,1 2,8762 3,6014 4,5825 2,9071 
p,5 2,8764 3,6016 4,583 2,9093 
1 2,8772 3,6024 4,5843 2,9156 
~ 2,8801 3,6054 4 ,5896 2,9409 
~ 2,9006 3,6262 4 ,6266 3,1122 
5 2,9006 3,6262 4 ,6266 3,1122 
2 2,8801 3,6054 4,5896 2,9409 
1 2,8772 3,6024 4 ,5843 2,9156 
0,5 2,8764 3,6016 4,583 2,9093 
0,1 2,8762 3,6014 4,5825 2,9072 
l - ens o ens lny Tiltl 1tl 2 · 
~illiradians 2,8762 3,6014 4,5825 2,9071 
p ,1 2,8762 3,5968 4,58 2,9022 
p,5 2,8764 3,579 4,571 2,8915 
1 2,8772 3,5577 4 ,5628 2,8989 
~ 2,8801 3,5184 4,556 2,9803 
~ 2,9006 3,4273 4,6116 3,6484 
5 2,9006 3,8809 4,8709 4,1504 
2 2,8801 3,7013 4,6606 3,1931 
1 2,8772 3,6493 4,6152 3,0071 
0,5 2,8764 3,6248 4,5972 2,9459 
0,1 2,8762 3,606 4,5852 2,9131 . . 
Tllt - Lens 2 to Lens 1 1n x 
milliradians 2,8762 3,6014 4,5825 2,9071 
0,1 2,8765 3,6016 4,5827 2,9074 
0,5 2,8834 3,6069 4 ,5869 2,9142 
1 2,9048 3,6236 4,6 2,9353 
2 2 ,9889 3,6894 4,6522 3,0182 
5 3,522 4,121 5,002 3,5446 
5 3,522 4,121 5,002 3,5446 
2 2,9889 3,6894 4,6522 3,0182 
1 2,9048 3,6236 4,6 2 ,9353 
0,5 2 ,8834 3,6069 4,5869 2 ,9142 
0,1 2,8765 3,6016 4,5827 2 ,9074 
Tilt - Lens 2 to Lens 1 in y 
milliradians 2,8762 3,6014 4,5825 2,9071 
0,1 2 ,8765 3,5751 4,5738 2,9076 
10,5 2 ,8834 3,4724 4,5414 2,9128 
1 2,9048 3,3504 4,5066 2 ,9271 
.... 2,9889 3,1306 4,4565 2 ,9809 
5 3,522 2 ,7277 4,467 3,3251 
5 3,522 5,1494 5,2984 3,2969 
2 2,9889 4,1739 4,8065 2,9699 
1 2,9048 3,8775 4,683 2,9216 
0,5 2,8834 3,7366 4,6298 2,9101 
0,1 2,8765 3,6279 4,5915 2,907 
Tab. C.6 The tolerance analysis for the overall structure. 
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Fig.C.4: Incidence angle analysis for field l. 
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Fig.C.5: Incidence angle analysis for field 2. 
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Fig.C.6: Incidence angle analysis for field 3. 
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Fig.C.7: Incidence angle analysis for field 4. 
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Fig.C.8: Incidence angle analysis for field 5. 
-- -~ 
l 
' 
i 
l 
l 
l 
' l 
! 
1,(J2 o,!l2 (),82 Q72 0,62@ o.42 (),32 (),22 0.12 o,a2.(),(11.{),18~.q:JI~-O,ffi.o,lll.{),78.o,lll~ 
AMo.l!B'h1leRJI 
Fig.C.9: Incidence angle analysis for field 6. 
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Fig.C. l O: Jncidence angle analysis for field 7. 
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APPENDIXD: 
PARAMETERS OF THE PRESENTED CONFIGURATIONS 
This appendix collects materia} concerning chapters V & VI, specifically the main parameters 
defining ali the configurations that have been presented in these two chapters. 
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T ab. D .l. Some configuration parameters for the new monochrornatic PMMA configuration. 
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Tab. 0.2. Some configuration parameters for the f/1.15 monochrornatic PMMA configuration. 
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1953.86 
1431.93 
1805.73 
~ VERTEX 
CONièCNST 
+2695.19 
-1339:.87 
-2252.26 
+0.950641 
A= -0.771424E-09 
D = +0.179566E-14 
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Tab. 0.4. Some configuration parameters for the polychromatic PMMA configuration. 
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Tab. 0.5. Sdme coDfikuratidn parameters for the polycbromatic PMMA configuration optimized for the two 
upper wayel~gtbs. 
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Tab. 0.6. Some configuration parameters for the polychromatic PMMA configuration with a diffractive 
surface on the rear ofthe second lens. 
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Tab. D.8. Some configuration parameters for the polychromatic PMMA configuration optimized for the two 
upper wavelengths with a diffractive siuface on the rear ofthe second lens. 
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Tab. 0.9. Some configuration parameters for the polychromatic PMMA configuration optimized for the two 
upper wavelengths with two diftriactive ~.ione ott the front of the first lens and one on the rear of the 
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T ab. 0.10. Some configuration pa.rameters for the monochromatic TPX configuration. 
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Tab. 0 .11. Some configuration parnmeters for the segmented monochromatic TPX configuration. 
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Tab. 0.12. Some configura.tion parameters for the polycbmmatic TPX configuration. 
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Tab. 0 .17. Some configuration parameters for the polychromatic Zeonex configuration optimized for the two 
upper wavelengths. 
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Tab. 0.19. Some configuration parameters for the segmented monochr"omatic CYTOP configuration. 
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Tab. 0.20. Some configuration parameters for the polychromatic CYTOP configuration. 
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Tab. 0.21. Some configuration parameters for the polychromatic CYTOP configuration optimized for the 
two upper wavelengths. 
APPENDIXE: 
TRE cEUSO IMAGES 
This appendix collects ali the images taken during the imaging testing of cEUSO in July 
1999, at the University of Alabama in Huntsville. 
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